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Abstract

The Formation, Transport Properties and 

M icrostructure of 45° [001] Tilt Grain Boundaries in 

YBa2Cu307-x Thin Films

Boris V. Vuchic

M ost h igh  angle grain  boundaries in  high-Tc superconductors exhibit 

w eak link behavior. The Josephson-like properties of these grain boundaries 

can be used  for m any  device applications such as superconducting quantum  

interference devices (SQUIDs). The structure-property relationship of different 

types of 45° [001] YBa2Cu3C>7-x th in  film  g rain  boundary  junctions are 

examined to study  their weak link nature.

A technique, term ed sputter-induced epitaxy, is developed to form  45° 

[001] tilt grain boundaries in YBa2Cu307-x thin films on (100) MgO substrates . 

A low voltage ion bom bardm ent p re-grow th  substra te  treatm ent is used  to 

m odify the epitaxial orientation relationship  betw een the th in  film and  the 

substra te  in selected regions. By m odifying the orientation of the th in  film, 

grain boundary junctions can be placed in any configuration on the substrate. A 

variety  of pre-grow th  sputtering  conditions in conjunction w ith atomic force 

microscopy and Rutherford backscatter spectrom etry are used to determ ine the 

role of the ions in  m odifying the substrate surface. Sputter-induced epitaxy is



extended to a m ultilayer M g0/L aA 103  substrate , allowing integration of the 

sputter-induced epitaxy junctions into m ultilayer structures.

The low tem perature transport properties of the sputter-induced epitaxy 

junctions and a set of bi-epitaxial grain boundaries are  studied. Individual grain 

boundaries are isolated and characterized for resistance vs. tem perature, current 

vs. voltage as a function of tem perature and m agnetic field behavior. Resistive 

and  superconducting grain  boundaries are com pared. M icrostructural analysis 

is perfo rm ed  using  scann ing  electron  m icroscopy, transm ission  electron 

m icroscopy an d  h igh  reso lu tion  e lectron  m icroscopy (HREM). M arked 

differences are observed in the m icrostructure of resistive and superconducting 

grain  boundaries. HREM studies suggest the im portance of the local atomic 

scale s tru c tu re  o f th e  g ra in  b o u n d a ry  in  tra n sp o rt p ro p e rtie s . A 

phenom enological grain boundary  m odel is proposed to describe the structure- 

property  relationship of the boundaries.
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Chapter I. Introduction

This thesis studies the form ation, structural characteristics and  transport 

properties of 45° [001] tilt YBa2Cu307-x (YBCO) thin film grain boundaries. A 

pre-grow th ion beam  substrate m odification technique on (100) MgO, term ed 

spu tter-induced  epitaxy, has been  developed to form  45° g ra in  b o u n d ary  

junctions in  YBCO thin films. The effect of the ion beam on the M gO has been 

s tud ied  to determ ine the cause of the epitaxial m odification. The spu tter- 

induced  epitaxy has been extended to w ork  on m ultilayer substrates so that 

bu lk  substrates o ther than  M gO can be used. The transport p roperties and  

m icrostructure of the sputter-induced epitaxy junctions have been com pared to 

bi-epitaxial grain boundary  junctions w ith similar 45° [001] tilt boundaries. The 

m icrostructure and the transport properties of the different g rain  boundaries 

varied significantly, and suggest som e of the key elem ents of grain  boundary  

transport. A grain boundary  m odel, consistent w ith the observations, consisting 

of a series o f parallel Josephson junctions is developed to phenom enologically 

describe the junction behavior.

The advent of h igh critical tem perature (high-Tc) m aterials has created a 

un ique  o p p o rtu n ity  to exp lo it superconducting  phenom ena for practical 

applications. The realization of these opportunities has been inhibited by  m any 

m aterials issues stem m ing from  the complex nature of the oxide materials. One 

of the major differences betw een the high-Tc and low-Tc superconductors is the 

m agnitude of the coherence length, which is significantly shorter in the high-Tc
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samples, for YBCO Xa-b -  1-1.5 nm  (see table 2.4)(Welp et al. 1989). The short 

coherence length implies that any distortions, structural or chemical, on this 

length scale w ill dim inish the superconducting properties in the region. In  the 

high-Tc m aterials, most high angle grain boundaries behave as w eak links w ith 

reduced critical current density, Jc, and critical tem perature, Tc, across the grain 

boundary  relative to the bulk  grain (Dimos et al. 1988; Dimos et al. 1990). The 

w eak links are detrim ental for m any bu lk  applications that require  h igh 

supercurrent densities, such as transmission lines, magnetically levitated trains 

and high field magnets. The weak link high angle grain boundaries, however, 

often display the Josephson effects that can be used for m any microelectronic 

applications. This thesis studies the useful Josephson p roperties of these 

junctions ultim ately for developm ent of potential applications.

The Josephson  effects are  based  on  the m acroscopic quan tum  

superconducting w avefunction that exists in  the superconducting state. The 

interference of tw o superconducting wavefunctions across a barrier provides 

extreme sensitivity to magnetic fields and various forms of radiation. Josephson 

junctions that exhibit these effects can be used to form  num erous practical 

devices. One of the m ost useful applications is to form a superconducting 

quan tum  interference device (SQUID). SQUIDs currently  have the best 

sensitivity to m agnetic flux of any know n technology by approxim ately four 

orders of m agnitude (com pared to a flux gate m agnetom eter). These devices 

can  b e  u se d  fo r u n iq u e  . b io m a g n e tic  a p p lic a tio n s  (su ch  as 

m agnetoencephylogram s (MEG) and m agnetocardiogram s (MCG)), non­

destructive evaluation and geophysical applications that require high magnetic 

field sensitivity. The significant potential for SQUIDs has stim ulated research to
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develop and understand  the w eak link nature of high angle high-Tc thin film 

grain boundaries, which can be used to m ake these devices.

The first p a rt of this thesis describes a technique developed to form  

reproducible 45° [001] tilt grain boundary  junctions. H igh quality epitaxial 

single crystal YBCO thin films grown on MgO form a cube-on-cube orientation 

([001] YBCO I I [001] MgO and  [110] YBCO I I [110] MgO). By using  a low- 

voltage ion beam  to modify the substrate surface, the epitaxial orientation of the 

YBCO film  can be altered to [001] YBCO I I [001] M gO and [100] YBCO I I [110] 

MgO. Therefore by sputtering a predeterm ined region of the substrate, grain 

boundary  junctions can be selectively formed in the YBCO thin film. This result 

is in teresting both  from  a thin film epitaxy perspective and for studying the 

w eak  link  na tu re  o f grain  boundaries and form ing junctions in high-Tc 

superconductors.

Sputter-induced epitaxy is a un ique  m ethod to control the epitaxial 

orientation relation betw een the substrate and the thin film. The role of the ions 

in the substra te  m odification process w as stud ied  using  bo th  R utherford 

Backscattering Spectroscopy and Atomic Force Microscopy. The accelerated 

ions have  tw o p rim ary  effects on  the substrate. First there is a surface 

roughening of the MgO creating distorted regions on the substrate. The second 

effect is the im plantation of both argon and tungsten into the substrate surface. 

By u n d ers tan d in g  these m echanism s, in principle th is technique can be 

ex tended to other m aterials system s w here grain boundaries are integral in 

controlling properties (e.g. ferroelectric materials). Sputter-induced epitaxy is 

one of the first examples of epitaxy modification using strictly a pre-grow th ion



4
beam  process. The sim plicity and versatility  o f th is m ethod  m akes it an 

attractive technique for num erous applications.

One of the draw backs of sputter-induced epitaxy is the lim itation of the 

technique to bulk  MgO substrates. Ion beam  m odification of other substrates 

d id  not have the same effect on the YBCO epitaxy as on  (100) MgO. Therefore, 

in o rder to use a bulk substrate other than MgO, a novel m ultilayer approach 

w as developed. A layer of (100) MgO was deposited on a bu lk  (100) LaA103 

substrate. The film w as then partially irradiated w ith a low  voltage argon ion 

beam . The resulting film  had a  cube-on-cube orientation on the unsputtered  

reg ion  an d  an ep itax ia l cond ition  [001] YBCO I I [001] M gO  and  [110] 

YBCO I I [100] MgO on the presputtered region. The m ajor im plication of this 

result is that the grain boundary  junctions can be form ed on  any substrate or 

m ultilayer that a h igh quality epitaxial MgO layer can be grow n on. This is a 

trem endous advantage for integration into o ther m aterials system s such as 

sem iconductors o r ferroelectrics.

The weak link nature of the sputter-induced epitaxy junctions and a set of 

45° [001] bi-epitaxial junctions w as studied by com paring the m icrostructure 

and  tran spo rt p roperties of the  different junctions. N um erous cryogenic 

transport studies were m ade to study the individual grain boundary  properties. 

M easurem ents of resistance - tem perature, current - voltage as a function of 

tem perature and critical current as a function of m agnetic field w ere m ade to 

characterize the transport properties of the junctions. The sputter-induced  

epitaxy grain boundary junctions had  the highest critical current densities of all 

the junctions m easured. Two types of bi-epitaxial g rain  boundaries w ere 

iden tified , resistive and  superconducting . The su p erco n d u c tin g  grain
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b o undaries  all exhibited resistively  sh u n ted  junction  behav io r w ith o u t 

capacitance, and strong oscillations in  the critical current as a function of small 

applied m agnetic fields. The transport properties are com pared betw een the 

junctions to gain a better understanding of the role of the m icrostructure in the 

weak link behavior.

The analysis of the m icrostructure elucidated significant differences in 

the three types of grain boundary  junctions. Ail of the grain  boundaries 

m eandered  on  a leng th  scale o f h u n d re d s  of nanom ete rs ind ica ting  

inhom ogeneous structu re  along the boundary . The resistive bi-epitaxial 

junctions exhibited structural d isorder along the entire length of the boundary. 

The major difference betw een the sputter-induced epitaxy junctions and the bi- 

epitaxial junctions w as the am ount of m icrofaceting along the boundary. Both 

types of grain  boundaries w ere relatively free of precipitation and  second 

phases, b u t the sputter-induced  epitaxy h ad  long uniform  low -index plane 

asymmetric facets along its length.

The com bination of the m icrostructural and  transport data  supports a 

model of a series of Josephson junctions parallel to a set of therm ally activated 

resistors. The m odel suggests that the m agnetic field behavior of the junctions 

can not be explained by a constant phase shift across the boundary. There is a 

variation of critical currents across the  junction w hich w ill m odify the local 

magnetic flux seen by each junction. The strongly coupled regions are related to 

the local s truc tu re  a t the g rain  boundary . The m odel dem onstra tes the 

com plexity of the grain  boundary  junctions and  the difficulty in form ing 

junctions w ith reproducible transport properties necessary for applications.
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The thesis firs t d e ta ils  re le v an t b ack g ro u n d  in fo rm a tio n  on  

superconductivity, thin film grow th and grain boundary junctions in high-Tc 

th in  films. Chapter three describes the experimental procedure developed to 

form the grain boundaries using sputter-induced epitaxy and to characterize the 

m icrostructure and transport properties of individual grain boundary junctions. 

Then the experim ental results on the sputter-induced epitaxy junctions are 

p resen ted . First the m echanism  for the m odified orientation  is discussed 

followed by the transport and m icrostructural analysis of the sputter-induced 

epitaxy junctions. The technique is then extended to a m ultilayer system, w ith  a 

description of the process of forming the grain boundaries and the studies of the 

transport properties and m icrostructure. C hapter six describes the results of 

experim ents on the bi-epitaxial grain boundaries. Finally, in  chapter seven and 

appendix  one, the different grain boundaries are all com pared and  a grain  

boundary  model is presented which helps in understanding the m icrostructure - 

transport property relationship of the grain boundary junctions.



Chapter II. Background and Literature Survey

H igh critical tem perature (high-Tc) superconductors are m aterials that go 

through a superconducting transition at a relatively high tem perature (generally 

> 25 K), as com pared to the low-Tc materials. This chapter reviews the relevant 

background information on high-Tc materials, thin films and  grain boundaries. 

These topics all help in understanding the w eak link nature of m ost high-angle 

grain boundaries. Some basic concepts of superconductiv ity  including the 

Josephson effects are  described w ith  particu lar em phasis on the  high-Tc 

superconducto rs. Epitaxial th in  film  deposition  an d  characteriza tion  is 

discussed w ith  respect to the techniques used in  this w ork. The role of grain 

boundaries in the high-Tc superconductors will be detailed and previous w ork 

on superconducting grain boundaries will be highlighted. Finally all the w ork  

w ill be  b ro u g h t together in  a descrip tion  of the  c u rren t technology of 

YBa2Cu307-x (YBCO) thin film grain boundary  junctions, one of the first 

commercially viable products developed from the high-Tc superconductors.

II.l. H igh-Tem perature Superconductivity

Superconductivity w as first discovered in 1911 by K am erlingh Onnes

upon cooling m ercury to 4.2K (de Bruyn O utboter 1987). This began a long

study of the fascinating physical phenom enon w here certain  m aterials lose all

electrical resistance below a critical tem perature, Tc. Since tha t tim e m any

materials, both pure metals and alloys, have been show n to be superconducting.

The research which ensued after Onnes's discovery eventually uncovered m any
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unique properties of the superconductors and after 45 years a consistent theory 

explaining the phenom enon w as developed (Bardeen-Cooper-Schrieffer or BCS 

theory)(Bardeen et al. 1957). In 1986 Bednorz and M uller (Bednorz et al. 1986) 

discovered a m aterial La-Ba-Cu-O, w ith  a perovskite structure, w hich w as a 

superconductor w ith a transition tem perature of 30K, ushering  in the age of 

high-tem perature superconductors. This im m ediately stim ulated research for 

rela ted  new  com pounds w ith  higher transition  tem peratures. Eventually  

y ttrium  w as used as a substitu te for the lan thanum  creating a new  cuprate 

superconductor, YBa2Cu3C>7-x/ w ith a Tc=92 K (Wu et al. 1987). This discovery 

had  an im m ediate im pact on  research since the transition tem perature  was 

above the boiling point of liquid nitrogen m aking superconductivity m uch more 

economically viable than using the low-Tc m aterials. Since 1987, several other 

h ig h -T c superconductors w ere d iscovered (see Table 2.1), includ ing  the 

bism uth-, thallium- and m ercury- based systems(M aeda et al. 1988; Sheng et al. 

1988; Putilin et al. 1993). However, none of them  has been as extensively studied 

as YBa2Cu307-x* The research in this w ork involves only YBa2Cu3C>7-x due to 

the high-quality epitaxial thin films that can be m ade and are necessary for grain 

boundary  junctions w ith good transport properties. It is im portan t to realize 

that significant progress has been m ade in this area of research in a short period 

of time, and despite the lack of im m ediate commercial success, there is still 

significant potential for these materials.

I I .l .l .  YBa2Cu307_x Structure

YBa2Cu3 0 7 -x has an  oxygen-deficient perovskite structure  (see figure

2.1). The structure is anisotropic w ith the orthorhom bic lattice param eters for
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M aterial Abbrev. Structure (300 K) Lattice C onstan t
(A)

TC(K)

(N d/Sr/Ce)2Cu0 4 -x Tetragonal a= 3.86 
c=12.50

35

(La/Ba)2Cu0 4 Tetragonal a= 3.79 
c=13.29

38

YBa2Cu307-x 123 Orthorhombic a= 3.82, b=3.89 
c=11.68

92

YBa2Cu408 124 Orthorhombic a= 3.84, b= 3.87 
c=27.24

80

Y2Ba4Cu70l4 247 Orthorhombic a= 3.85, b= 3.87 
c=50.29

95

Bi2Sr2CaCu208 2212 Tetragonal a= 5.41 
c=30.93

112

TlBa2CaCu2 0 7 1212 Tetragonal a= 3.86 
c=12.75

103

Tl2Ba2Ca2Cu3Ol0 2224 Tetragonal a= 3.85 
c=35.88

125

HgBa2Cu04+x Tetragonal a= 3.88 
c=9.51

98

(Ba/Sr)Cu02 Infinite
Layer

Tetragonal a= 3.93 
c= 3.47

90

(Bai_xKx)Bi0 3 Cubic a= 4.29 30

Table 2.1. The crystal structure and transition tem perature of several high-Tc 
superconductors (from Shaked et al. 1994).
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x=0.07 being  a=3.82 A, b=3.89 A and c=11.68 A. Table 2.2 lists the atomic 

positions and  occupancies of all the atoms in  the unit cell for x=0.07. Figure 2.1 

show s the orthorhom bic unit cell w ith labels to differentiate the oxygen atom 

sites an d  co p p er atom  sites. The p roperties of Y Ba2Cu307_x are highly 

dependent on  the oxygen stoichiometry. The oxygen content varies from  x=0 to 

x= l, w ith  a structural orthorhombic (Pmmm, a^b) to tetragonal (P4/m m m , a=b) 

w ith  a phase transition occurring a t x=0.6 (Jorgensen et al. 1987; Jorgensen et al 

1990; M arezio 1991; Cava et a l  1990). The 0(2), 0(3) and 0 (4 ) sites (see figure

2.1) rem ain fully occupied for the entire range of oxygen stoichiom etry, b u t the 

0 (1 ) site is rem oved as the oxygen content is decreased, form ing the tetragonal 

cell.

F igure 2.2 shows the dependence of Tc on the oxygen content and  the 

corresponding change in copper valence. There are two Tc plateaus in the plot, 

the  first is term ed  the 90 K p lateau  for 0<x<0.2 and actually  is slightly  

decreasing in  this range from  Tc=92 K. The second plateau is for 0.3<x<0.5 and 

is term ed  the 60 K plateau. The phase transition is directly  related  to the 

superconducting behavior, w ith  the orthorhombic phase being superconducting 

and  the tetragonal phase being sem iconducting. The un it cell has tw o C u02  

planes (w ith 0 (2) and 0(3)) that carry the supercurrent(Cava et al. 1990), and 

tw o CuO  chains (with 0(1)) tha t act as charge reservoirs and supply  the planes 

w ith  charge carriers. As the oxygen content is decreased, oxygen from  the 

chains is rem oved  until there are no 0(1) sites occupied a t x= l. The two 

plateaubehavior has been a ttributed  to a change in valence of the Cu(2) atom  

w hich lies in  the C u 0 2  planes (Marezio 1991). From the 90K plateau to the 60K 

plateau there is a drop in valence of approxim ately 0.03 v .u ./C u , decreasing the
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A [001]

0 0(4)
O 0(2), 0(3)

O 0(1)
□  Vacancy

► [100]

a= 3.82 A 
b = 3.89 A 
c = 11.67 A

Figure 2.1, Schematic diagram of the YBa 2 ^ 3 0 7 ^  unit cell structure.
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Figure 2.2. Variation in critical tem perature and copper valence 
as a function of oxygen stoichiometry (from M arezio et al. 1991).
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hole concentration, and at the structural phase transition, the Cu cation valence 

abruptly  decreases another 0.05 v .u ./C u . The role of the oxygen stoichiometry 

in  the  varia tion  of Tc is very  im portan t. Local dev ia tions in oxygen 

stoichiom etry due to defects or otherwise can cause a local difference in the 

critical temperature. This is potentially critical for grain boundaries w here it has 

been postulated that a different oxygen concentration a t the boundary could 

locally suppress Tc in certain regions. These assum ptions and their validity will 

be discussed in detail later.

In m easuring YBCO sam ples, an issue of concern is the form ation of 

tw ins due to the phase transition from  tetragonal to orthorhom bic du ring  

cooldown. (110) type tw ins are form ed w here the a- and  b- axes reverse, in 

order to relieve strain. Thin films in particular can be highly twinned because of 

the structural constraint of the substrate. The role of tw in boundaries in single 

crystals has been studied by  various groups (Kwok et al. 1990; Gyorgy et a l 1990; 

W elp et al. 1994; Fleshier et al. 1993). Twin boundaries do not exhibit any weak 

link behavior, such as a depressed critical current density. They do, however, 

act as weak flux pinning sites, which can increase the critical current density in 

low  magnetic fields. H ighly tw inned thin films have been m easured, and also 

do no t exhibit any weak link behavior. Therefore there is no significant effect of 

tw ins on the m easurem ents in these samples that can be confused w ith the grain 

boundary behavior.

Due to the very sm all variation between the a- and b- lattice param eters 

(1.8%), they are often no t distinguished. H ow ever, the large anisotropy 

betw een the a /b  axes and the c-axis plays an integral role in m any m aterials
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Atom X y z Occupancy
YBa2Cu306.71 Orthorhombic
Y 0.5 0.5 0.5 1
Ba 0.5 0.5 0.1895(3) 2

C u(l) 0.0 0.0 0.00000 1
Cu(2) 0.0 0.0 0.3574(3) 2

0(1) 0.0 0.5 0.0 0.65(2)
0(2) 0.5 0.0 0.3767(4) 2

0(3) 0.0 0.5 0.3804(5) 2
0(4) 0.0 0.0 0.1542(5) 2
0(5) 0.5 0.0 0.0 0.06(2)

YBa2Cu306.42 Tetragonal
Y 0.5 0.5 0.5 1
Ba 0.5 0.5 0.1914(3) 2
C u(l) 0.0 0.0 0.00000 1
Cu(2) 0.0 0.0 0.3590(3) 2

0(1) 0.0 0.5 0.0 0.42(3)
0(2) 0.5 0.0 0.3792(2) 4
0(4) 0.0 0.0 0.1508(5) 2

Table 2.2. The atomic positions and site occupancies for both the
orthorhombic and tetragonal phases of YBCO (Jorgensen et al. 1987).
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properties. Therefore properties will usually be quoted for the a-b direction and 

the c-direction separately.

II.1.2. YBa2Cu3C>7-x Properties

D esp ite  the m any differences betw een the low -Tc and  high-Tc 

superconductors, m any of the concepts developed for low-Tc m aterials have 

been used  to explain certain  phenom ena or just as a starting  po in t for 

understand ing  the new  materials. YBa2Cu3G7-x is a type II superconductor, 

w ith  highly anisotropic properties due to the crystal structure of the m aterial 

and the conduction along the Cu-O planes (there is very weak coupling between 

planes along the c-axis). For the study of grain boundary behavior in high-Tc 

m aterials it is im portant to understand  the concept of Cooper pairs and the 

Josephson effects. The m odeling of Josephson junctions in particular has been 

borrow ed from  the low-Tc systems, bu t has not been completely successful in 

explaining junction behavior in  the high-Tc materials. This section will develop 

some of these ideas as a basis for explaining grain boundary junction behavior 

in YBa2Cu307-x-

In  order to develop the theory of the Josephson effects, it is necessary to 

understand that charge is carried during superconduction in  Cooper pairs. L.N. 

C ooper (C ooper 1956) determ ined  that by add ing  electrons to a zero- 

tem perature Fermi gas the electrons have a tendency to form electron pairs to 

reduce the to tal system energy. These electron pairs, called Cooper pairs, 

consist of two electrons w ith opposite spins, have a total charge of 2e and a total 

m ass of 2m, w here e is the  charge of the electron, and m  is the m ass of the 

electron. The electrons that form the Cooper pair maintain phase coherence and
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are therefore "correlated" over a m ean distance called the coherence length. The 

coherence length is defined as:

w here vf is the Fermi velocity and 2A the energy gap. The phenom enon is 

ac tua lly  m acroscopic, w here  all p a ired  e lectrons in  an  u n in te rru p te d  

superconduc to r exist in  a single quan tum  m echanical state. If there  is a 

d isrup tion  in the superconducting m aterial on the order of or greater than  the 

coherence length, superconducting properties can be dim inished or destroyed. 

The coherence length for m any low-Tc m aterials is on the  order of 10-100 nm , 

bu t for YBa2Cu3G7-x the coherence length is only £a-b=15 A and £c=3 A (Oh et 

al. 1988; W elp et al. 1989). The large anisotropy in  the coherence length is due  to. 

the  conduction in the a-b planes, and only w eak  coupling along the  c-axis. 

These values for the coherence length are a t low tem perature, and will decrease 

as the tem perature approaches Tc- Any distortion in  the material on this length 

scale, e ith e r s tru c tu ra l o r chem ical, can  create  a reg ion  of w eakened  

superconductivity  b y  disrupting  the coherence of Cooper pairs. These regions 

are called w eak links and  usually  exhibit a depressed critical current density  

across the  w eakened  region. The short coherence leng th  is w hy  g ra in  

boundaries m ay exhibit w eak link behavior in the high-Tc materials (this will be 

discussed extensively in section H.3).

The Josephson effects are a result of the macroscopic phase coherence 

and  the behavior o f paired superconducting electrons at a conduction barrier 

(e.g. a  norm al m etal, or insulating layer). Giaever(Giaever 1960) show ed that
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quasiparticle tunneling could occur across a barrier by  creating a potential drop 

across it. Soon afterwards, Josephson predicted that Cooper pairs could tunnel 

th rough  a th in  insulating layer even w ithout bias across the barrier (Josephson

1962). The type of structure  (superconductor-barrier-superconductor) tha t 

exhibits the Josephson effect is called a Josephson junction (a type of weak link), 

and  w as soon verified experimentally by Anderson and Rowell (Anderson et al.

1963). The resulting  critical current of Cooper pa irs tunneling th rough  the 

in su la ting  layer is dependen t on the interference of the  tw o m acroscopic 

superconducting  states from  the m aterial on either side of the junction, and 

results in the d.c. Josephson effect (eq. 2.2).

4  = Jcm»sin(ft-<fr2) (2.2)

w here Ic is the m easured critical current of the junction, Icmax the m axim um  

critical curren t of the junction, and <j>i and §2 the phases of the m acroscopic 

w avefunction from  the two adjacent superconducting regions on either side of 

the junction. This can be related to the critical current density by  the relation 

Jc=Ic/A , w here A is the cross-sectional area of the junction. In high-Tc grain 

boundaries, the area is no t easily defined because of m eandering chemical and 

structural inhom ogeneities along the boundary, which significantly change the 

cross-sectional area. This effect has not been treated clearly in the literature, bu t 

can m odify Jc values significantly (this issue will be discussed in detail later). 

The derivation by  Josephson shows that the phase difference betw een the two 

superconducting  regions can be varied  by an app lied  m agnetic field as is 

show n, for a specific junction configuration, in equation 2.3.



The m agnetic field is given in  term s of fractions of flux quanta (<|>/<t>o)- The 

expression for the critical current in eq. 2.3 assumes a uniform  rectangular

a constant phase shift along the junction (these assumptions are not necessarily 

valid in high-Tc grain boundary junctions and will be detailed later). W hen an 

app lied  m agnetic  field of one flux quan tum  is applied there is perfect 

destructive interference betw een the wave functions and no net critical current 

is observed across the junction. Constructive interference of the wavefunctions 

leads to local m axim a in the critical current density across the junction (see 

figure 2.3a-b.). In the general case, the critical current of the junction as a 

function of m agnetic field is the Fourier transform  of the integrated current 

density along the junction (eq. 2.4).

w here x is the distance along the junction, X the London penetration depth, d the 

thickness of the junction, H  the applied magnetic field and <)>o the flux quantum  

(h/2e). The Josephson effect is directly dependent on the coherence length in the 

sam ple because the barrier m ust be on the order of the coherence length to allow 

tunneling across the junction. If the barrier is too thin phase coherence can be

junction configuration w ith homogeneous current flow across the junction, and

where, (5 -  (2A + d y ^ -
4>o

(2.4)
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m aintained w ithout disruption, while if the barrier is too thick the tunneling 

effect is minimal.

For larger tunneling currents, a  magnetic field can be self-induced by  the 

currents, m odifying the junction characteristics. The Josephson penetration 

depth , Xj, is the distance from the edge of the junction that carries m ost of the 

tunneling currents. The Josephson penetration depth  is used as a criterion to 

determ ine if self-field effects are important. It can be calculated using equation 

2.5 as

A2. = -------------   (2.5)
J 4neJcn(2X + d)

w here X is the London penetration dep th  and d the barrier thickness (for high- 

Tc usually  X » d ) .  The Josephson penetration dep th  becom es im portan t for. 

"wide" junctions w here the w idth, W, of the junction (see figure 2,3c.) exceeds 

4X] (W>4A,j). For distances greater than  this w idth, the Josephson current is 

m ostly contained at the edges of the junction and very little tunneling current is 

m aintained in the center of the junction. The current on the edges induces a 

m agnetic field that decreases the phase difference in the center of the sam ple. 

The applied magnetic field becomes the sum of the external field and self-fields 

induced by  the supercurrent.

Josephson junctions also exhibit an  a.c. effect. For a given applied d.c. 

vo ltage V, an  a lternating  cu rren t is set up  across the junction  w ith  a 

characteristic frequency, f (eq. 2.6).
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Figure 2.3a. The d.c. Josephson effect show n by the 
normalized critical current vs. applied magnetic field for a 
uniform  critical current density distribution (from Van D uzer 1981).
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Figure 2.3b. A schematic of Josephson current flow across a 
Josephson junction as a function of applied magnetic field 
(from Van D uzer 1981).
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Figure 2.3c. The variation of the Josephson tunneling current for 
an in-line junction w ith norm alized lengths of (L/Josephson 
penetration depth=2, 5 and 15)(from Van Duzer 1981).

io ►

Figure 2.3d. A diagram  of a  resistively shunted junction. 
The junction is m odeled w ith a capacitive element, a  resistor 
and  a  Josephson junction in a parallel circuit 
(from Van Duzer 1981).
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2eV (2.6)
h

The alternating current is a consequence of a shift of n  in the phase difference 

across the junction. This phase shift causes a current reversal across the junction 

and thus sets up  a characteristic frequency related to the applied voltage. The 

frequency can be observed using an a lternating field of h igh  frequency 

m icrowave irradiation that couples w ith the alternating current. W hen the 

frequency of the alternating current is an integer value of the m icrowave 

frequency, an additional offset (d.c.) current is added creating characteristic 

steps (also known as Shapiro steps) (Shapiro et al 1964).

The current-voltage characteristics of Josephson junctions can be 

m odeled using the resistively shunted junction m odel (Van Duzer et al. 1981; 

Barone et al. 1982; Stewart 1968; McCumber 1968). This m odel uses a shunt 

resistance and capacitance w ith the Josephson junction (see eq. 2.7 and figure 

2.3d.) to give

l - l c sin(0) +  GV+ C~—
dT

(2.7)

Putting this equation in terms of/, the differential equation becomes:

(2.8)

and
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w here fic is the Stewart-M cCumber param eter,(Stewart 1968; McCumber 1968) 

the ratio of the  capacitance to the conductance a t a given frequency, a 

characteristic of the junction. The higher the capacitance of the junction, the 

more linear the current-voltage characteristics.

Josephson junctions are classified as "weak links" that are strictly defined 

as regions of w eakened superconductivity . The junctions have decreased 

critical current densities relative to the adjacent material. Various types of weak 

link junctions, using different configurations, have been m ade in  the low-Tc 

m ateria ls  inc lud ing  su p e rco n d u c tin g -n o rm al-su p e rco n d u c tin g  (S-N-S), 

superconducting-insulating-superconducting (S-I-S), Dayem bridge(Dayem et al, 

1967)(microbridges w ith  constricted superconducting regions on the order of 

the coherence length) and point-contact tunnel junctions. All of these junctions 

display the Josephson effect in som e way. O ne m ethod to differentiate the 

various‘junctions is to analyze the Ic(T) behavior. According to Am begaokar 

and Baratoff( Ambegaokar et al. 1963), the tem perature dependence of the critical 

current of a S-N-S junction is proportional to (1-T/TC)^ in the vicinity of Tc, but 

for a S-I-S junction the critical current is proportional to (1-T/Tc).

It is im portant to note that the junction behavior described by Josephson 

was for low-Tc materials, and has been applied to the high-Tc. The application 

of the know ledge of these system s to high-Tc is due  to the thorough 

understanding  of low-Tc junctions, no t necessarily due to empirical fitting to 

the data. The junctions formed using high-Tc are significantly more complex 

due  to the short coherence length and anisotropic structure, w hich dem and 

m uch better control over m aterials to form high-quality reproducible junctions.
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The major difficulty in analyzing the transport data lies in  separating intrinsic 

from extrinsic junction behavior.

II.2. YBa2Cu30 7 -x Thin Films

H igh quality epitaxial YBa2Cu307_x thin films are the m ajor reason 

devices have been developed using this material. In order to form  controlled 

junctions and devices for integrated circuits it is necessary to reproducibly form 

good epitaxial films on various substrates and to grow multilayers. Thin films 

of o ther high-Tc m aterials have no t been m ade w ith as m uch control, and 

therefore have not been used  for device fabrication. N um erous techniques 

including coevaporation, laser ablation, sputtering and metal-organic chemical 

vapor deposition  have been used  to produce these film s (Schieber 1991a; 

Schieber et al. 1991b). This section deals w ith  thin film issues in  depositing 

complex oxide films.

II.2.1. Epitaxy

All of the thin film grain boundary junctions discussed in this thesis rely 

on epitaxial YBa2Cu307-x thin films. Epitaxy describes a fixed orientation 

relationship betw een a substrate and a thin film. There are two different types 

of epitaxial conditions, the first being homoepitaxy w here the substrate and the 

film are the sam e material. The second type of epitaxy is heteroepitaxy w here 

the thin film is a different m aterial from the substrate. In these experim ents all 

the films w ere grown in a heteroepitaxial condition w here the thin film w as 

YBa2Cu307-x and the substra tes varied. Two of the p rim ary  issues in 

heteroepitaxy are the lattice mismatch between the deposited thin film and the
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substrate, and  the difference in  the coefficients of therm al expansion. Table 2.3 

show s various substrates used, the m isfits w ith  YBa2 C u 3 0 7 - x and the 

coefficients of therm al expansion.

The importance of lattice misfit can be show n by characterization of the 

structural film quality. A n example of this is YBa2Cu307-x on MgO w here the 

m ism atch is 8.8% com pared to YBa2C u3 0 7 -x on  SrTi0 3  w ith  a m ismatch of 

only  0.3% along the a-axis. The films initially grow n on MgO w ere often 

polycrystalline w ith two favorable orientations (recently h igh  quality single 

crystal epitaxial films have been grow n on MgO), w hereas the films on SrTi0 3  

w ere typically single crystal. In  general, epitaxy can be m aintained in thin films 

w ith as m uch as a 15% lattice misfit.

There are different types of grow th m odes for thin films (see figure 2.4) 

(Pashley 1985). A thin film can grow  layer-by-layer if there are stronger binding 

forces betw een the thin film and the substrate than betw een atoms in the film. 

Layer-by-layer grow th continues if the b inding  energy to the thin film free 

surface is stronger than the b inding  energy to a bulk  crystal. If this is not the 

case, three dimensional nuclei will form on top of the layers and this is term ed 

Stranski-K rastanov grow th m ode. The th ird  m ethod of th in  film grow th is 

Volmer-W eber growth, w here the film nucleates and grows in  three dimensions 

un til there are enough nuclei to cover the entire surface. The actual m ethod of 

grow th  for YBCO is term ed ledge growth. Ledge growth comes from formation 

of favorable ad-sites at steps in  the th in  film, and is caused by im perfect 

substrate surfaces. This is discussed in more detail in section n.2-4.
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Figure 2.4. Basic thin film growth modes.
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II.2.2. Ion  Beam M odification

Part of this dissertation is devoted to a new  technique in epitaxy control 

using a pre-grow th ion beam  treatment. Several processes m ay occur w hen  an 

ion beam  interacts w ith a solid surface (see figure 2.5a.) (Chapm an 1980). First, 

an  accelerated ion can be reflected off the surface (this is the basis for ion 

scattering  spectroscopy, w hich is used to study  surface layers). Second, a 

secondary  electron can be ejected from the sam ple. The ion can also be. 

im planted into the material upon  impact, or the incident ion can create lattice 

defects o r m odify the surface structure. Finally, the resulting  im pact of an 

incident ion can result in  the ejection of m aterial. This process is know n as 

spu ttering , and in com bination w ith the dam age tha t m odifies the substrate  

surface, is the im portant aspect of ion bom bardm ent that relates to this work.

The sputtering  process is based on the collision betw een the substrate  

m aterial and  the incident ion beam. In a sim ple b inary  collision the energy 

transfer is given by eq. 2.9., w here mi is the m ass of the incident ion and  m t is 

the m ass of the target material.

El _  2 Q (2.9)
E, (m,+m,)2

The spu ttering  process deals w ith m ultiple collisions that are m ade u p  of 

ind iv idual collisions based on eq. 2.9. The spu tter yield, S, is the num ber of 

target atom s ejected per incident ion (eq. 2.10)
s = i « _ i ! ! w £  (2 .10)

4k  (wi. +m,) UQ

w here Uo is the surface b inding energy of the target and a is a m onotonically 

increasing value of m t/m i. From this equation it is seen that the spu tter yield is
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Figure 2.5a. Incident ion interactions w ith  a target 
(from C hapm an 1980).
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Figure 2.5b. A to m /io n  yield ratio (S) as a function of angle of 
incidence (from C hapm an 1980).
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directly proportional to the incident ion energy and inversely proportional to 

the surface binding energy. The yield follows eq. 2.10 only u p  to incident ion 

energies of approxim ately 1 keV, above which energy there is saturation of the 

energy transferred to the surface layers, as the ions penetrate further into the 

target. The sputter yield is also highly dependent on the angle of incidence. 

The m axim um  a to m /io n  yield typically varies significantly depending on the 

sam ple m aterial (Cheney et a l 1965). The yield follows generically a curve such 

as figure 2.5b., where the yield goes through a maximum and drops off at higher 

incident angles because of the large reversal of m om entum  necessary to eject 

m aterial (Chapman 1980).

There has been significant research on the m odification of thin film 

grow th  using a variety  of ion beam  techniques both before and du ring  

deposition. These techniques include a  low-energy substrate sputter prior to 

thin film grow th, ion beam  assisted deposition, reactive ion im plantation and 

ion beam  stitching (Baglin 1989; Baglin 1991; Baglin 1994; Baglin 1994). 

Substrate pre-sputtering w ith low energy (lOO-lOOOeV) inert ions (e.g. Ar+ ions) 

w ill rem ove contam inants from the substrate surface. P re-sputtering can 

preferentially sputter the surface to form a different surface chemistry from the 

bulk substrate. The pre-sputter treatm ent can also roughen the substrate surface 

for purposes of adhesion. Ion beam assisted deposition (IBAD) uses low-energy 

ions to bom bard the surface during deposition. This is typically used to increase 

thin film density and to rem ove intrinsic stress formed during deposition. Very 

low energy ions (20-100eV) have been used to alter the grow th m ode of a thin 

film  from  Stranski-K rastanov to layer-by-layer by  rem oving the island 

formations. Reactive ion im plantation uses reactive ion species implanted after
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deposition to increase fracture toughness by creating a  layer of active ions. Ion 

beam  stitching uses higher-energy ions to create cascades w hich increases 

adhesion properties (Baglin 1994; Baglin 1994).

M any of these ion beam techniques have been used for high-Tc thin films, 

and some new techniques have been developed to control thin film m orphology 

(e.g. step edge junctions). Recently, IBAD has been used to aid the formation of 

thick films on flexible substrates. Despite the w ide use of ion beam s in these 

various capacities (both for high-Tc and  other m aterial systems), it is im portant 

to note tha t none of these techniques uses strictly  a pre-grow th  sp u tte r 

treatm ent to modify the epitaxial condition of the deposited thin film. Such a 

technique has been developed to control grain  boundary  form ation for this 

thesis.

II.2.3. Substrates

Num erous substrates are used for high-Tc thin film growth depending on 

the specific requirem ents of the th in  film to be-deposited. There are several 

considerations in selecting a substrate. These considerations are separated into 

tw o categories, one is the requirem ents of the system  environm ent on the 

substrate (e.g. a microwave environm ent has different substrate requirem ents 

than m agnetic fields). Second, the considerations for the substrate-thin film 

grow th relationship. Only this second aspect w ill be dealt w ith here (with some 

properties related to system  requirem ents listed in Table 2.3). The lattice 

param eters, the crystal structure and the bonding  are im portant in facilitating 

epitaxial growth and in determ ining the epitaxial orientation that can dominate. 

The coefficient of therm al expansion is im portant to determ ine the local strain
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state of the th in  film, w hether it is in compression or tension. The chemical 

com position of the substrate also can affect the deposited film, for exam ple 

yttria-stabilized zirconia interdiffuses into YBa2Cu307-x to form BaZrQ2- The 

interdiffusion o r chem ical reaction of the substrate w ith  the thin film can 

severely affect the properties of the deposited film by either doping a region or 

form ing precipitates. G rain boundaries are particularly sensitive to diffusion 

because the lower density usually increases diffusion rates. The actual surface 

structure is im portant, e.g. MgO is hygroscopic and typically forms a hydroxide 

on the surface creating a rough surface structure which is not ideal for th in  film 

deposition. M any "new" substrates have been developed in the process of 

trying to find the ideal substrate for complex oxide thin films. Development in 

this area has clearly penetrated into other fields such as ferroelectric materials, 

which also can be complex oxides. The benefit of research in the developm ent 

of high-Tc m aterials clearly extends beyond m erely direct applications of 

superconductivity.

O ther concerns for system s integration include appropriate  substrate 

optical and electrical properties. Of course cost is always an issue especially 

w hen it  comes to large scale fabrication. As an example of the difficulty in 

m atching all the properties, LaA103 has excellent optical properties, bu t goes 

through a phase transition at around 500°C creating a highly twinned substrate, 

and is very expensive. Table 2.3 has several of the typical substrates used and 

their properties.

II.2.4. Thin Film Growth
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Substrate Melting
Temp.
(C)

Lattice
Constant
(A)

Lattice 
Mismatch 
w /  YBCO 
(% w .r .t .  
YBCO)

Coeff.
therm.
exp.
(10-6/K)

Dielectric
Constant
(e)
(1 M Hz, @ 
293 K)

Loss 
ta n d  
(1 M H z, 
@ 293K)

SrTi03 2080 a=3.905 a=2.3%
b=0.4%

10.4 277 0.0125

LaA103 2100 a=3.79 a=-0 .8%
b=-2 .6%

10 23 0.007

LaGaC>3 1715 a=5.52 
b=5.49 
c=7.77

a=1.8%
b=0.0%

10.3 25 0.0018

N dG a0 3 1670 a=5.43
b=5.50
c=7.70

a=1.3%
b=-0 .1%

10 20.2 0.002

MgO 2825 a=4.21 a=10.2%
b=8 .2%

12.6 9.62 0.0091 -

Z r 0 2  (5% 
Y)

2550 a=4.14 a=8.4%
b=6.4%

9.2 27.5 0.0054

LaSrGa04 a=3.84
c=4.23

a=0.5%
b=-1.0%

YAIO3 1875 a=3.66
c=3.76

a=-4.5%
b=-5.4%

5-10 16 0.001

Ce0 2 2600 a=5.41 a=0 .0%
b=-1.8%

10 21.2

YBCO a=3.82
b=3.89
c=11.68

11

Table 2.3. Various substrates used for YBCO thin  film grow th and
accompanying m aterials properties (Giess et al. 1990; Hollm ann et al. 
1994).
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The grow th of YBa2Cu307-x thin films has been studied by num erous 

groups (Schlom 1992a; Schlom et al. 1992b). Thin films have been grown in 

various ep itax ial orien tations ((001), (100), (103), etc.) on  m any different 

substrates (SrTiC>3, LaA103, MgO, YSZ, etc.) and  using a variety of techniques 

(pu lsed  laser ab la tion , o rgano-m etallic  chem ical vapor deposition , co­

evaporation, etc.). Extensive studies using both atomic force microscopy (AFM) 

and  transm ission  electron m icroscopy (TEM), have exam ined the g row th  

m echanism  for YBa2Cu307-x thin films (Streiffer et al. 1990; M annhart et al. 

1993). It has been show n that the grow th of YBa2Cu3<D7-x is m uch faster in the 

a-b direction than in the c direction. The th in  film forms nuclei of 2-3 unit cells 

h igh w hich then propagate in the a-b direction. These steps in the film act as 

favorable ad-sites for the depositing film.

Observations of th in  films using  AFM have identified screw dislocations 

em anating  from  the substra te  surface. This type  of g row th  occurs by  

d isrup tions at the substra te  surface and then  incoherent grow th of the film 

around  the inclusion (see figure 2.6a-c.). The screw dislocation propagates 

through the film by ledge grow th, which spirals upw ards as it grows laterally. 

This screw  dislocation grow th is very  clearly show n in STM images, w hich 

resolve ledge heights of 11 A. or one un it cell (M annhart et al. 1993). The growth 

m echanism  has been term ed step flow grow th since it is neither layer-by-layer 

g row th , island  g row th  or S transki-K rastanov grow th  (see figure 2.6d.). 

YBa2Cu3 0 7 -x is h ighly  sensitive to substra te  defect sites such as steps or 

dislocations, w hich serve as nucleation sites for screw dislocations and prom ote 

step flow grow th. In the absence of substrate imperfections, another grow th 

m ode m ight dom inate, b u t this has not been observed. The ledge grow th
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Figure 2.6a-c. The form ation of a screw dislocation during  
grow th  around a substrate defect (from M annhart 1993).

Figure 2.6d. T hin  film grow th via step flow mechanism, propagating 
the screw  dislocation through the film (from M annhart 1993).
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m echanism occurs on all of the common substrate m aterials for YBa2Cu3 0 7 -x 

th in  films. The spiral ledge grow th is of im portance in  grain  boundaries 

because it is part of the reason for m eandering grain boundaries, which will be 

discussed later.

II.2.4.1. T hin  Film G row th Techniques

There has been significant progress in th in  film grow th  of high-Tc 

superconducto rs since the initial epitaxial film s w ere  m ade using  co­

evaporation (Chaudhari et al. 1987). N um erous techniques have been used to 

grow  film s including  laser ablation, co-evaporation, sp u tte r deposition, 

m olecular beam  epitaxy and chemical vapor deposition  (Schieber 1991a; 

Schieber et al. 1991b). Each technique has advantages and disadvantages 

detailed elsewhere (see Schieber et al. 1991b for more details). For this w ork 

only pulsed organometallic beam epitaxy (POMBE)(Duray et al. 1991; Buchholz 

et al 1994) and pulsed laser ablation were used and will be discussed.

Organometallic chemical vapor deposition (OMCVD) is a basic technique 

that uses organo-metallic precursors to react w ith the substrate to deposit a film. 

There are m any advantages to this deposition m ethod including commercial 

scalability, m ultip le sources (for deposition of different or m ore complex 

materials), high control of deposition variables, capability of producing uniform, 

large area films and m ultilayers, in-situ m ultilayers and a relatively low cost. 

The major efforts in this area have been due to the scale-up abilities, which have 

been extrem ely  successful in the sem iconductor area. Som e of the 

disadvantages include the large num ber of variables to control, high grow th
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rates w ill decrease crystal quality and often produce rough surface morphology, 

and precipitation due grow th dose to thermodynamic equilibrium conditions.

POMBE is a relatively new  th in  film deposition m ethod w hich uses 

com pu ter contro lled  feedback loops to control oxide film grow th  in  a 

m icrow ave oxygen plasm a w ith atomic level accuracy (see figure 2.7). Both 

solid  a n d /o r  liqu id  organom etallic  precursors can be pulsed  to control 

deposition rates and stoichiom etries of the thin films. The volatilized beta- 

d iketonate organom etallic sources w ere transported to the substrate using a 

helium  carrier gas. The specific sources used for the YBa2Cu307_x and MgO 

d e p o s itio n  w ere  Y (d ip iv a lo y lm e th an a te )3 , C u(d ip ivaloy lm ethanate)2 , 

M g(dip ivaloylm ethanate)2  and Ba(hexafluoroacetylacetonate)2 *tetraglym e. 

The background oxygen pressure in the chamber during deposition is between 

10"2 and  10'^ torr, so the m ean free pa th  of the precursor molecule is on the 

o rder of the cham ber size, creating an  organometallic beam  epitaxy condition. 

A quartz  crystal m onitor m easures the organometallic transport rates and the 

com puter control provides a  feedback loop to adjust the individual delivery 

times. For YBa2Cu307-x, the pulse sequence is (-Cu-Ba-Cu-Y-Cu-Ba-) in atomic 

scale increm ents. The system  also features a remote oxygen plasma, which is 

induced by a 2.45 GHz m icrowave generator and provides atomic oxygen to the 

reaction. Therefore no  post-deposition anneal is required to m ake a fully 

oxygenated superconducting sam ple. The oxygen plasm a is also tu rned  on 

p rio r to g row th  to clean the substrate, which is typically held at grow th 

tem perature (620°C to 800°C) for 30 m inutes before deposition. Another major 

advan tage  of the system  is the ability to  have m ultiple precursors so that
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m ultilayers can be deposited. In this study both YBa2Cu307-x films and MgO 

films from the POMBE system were used.

Pulsed laser deposition typically uses an ultra-violet laser (e.g. halogen 

gas excimer laser) to ablate a stoichiometric target onto a substrate. Laser 

ablation can work in high O2 pressures to allow in-situ deposition of thin films. 

O ther advantages of this technique are fast grow th rates, sm ooth surface 

m orphology and generally high quality films. It is relatively simple to deposit 

several different m aterials by using stoichiom etric targets, w hereas w ith 

OMCVD separate pre-cursors are needed for each element and stoichiometry is 

m ore difficult to control. The drawbacks for pulsed laser deposition are that 

sputter balls can form, only small area deposition is possible (about 1 in.2) and 

there is non uniform thickness across the substrate. Conductus has developed a 

m ethod to raster the beam for larger scale deposition (up to 2 in.2) at slower 

grow th rates.

II.2.4.2. T hin  Film Characterization

A variety of ex-situ techniques can be used to structurally and chemically 

characterize thin films. Many in-situ techniques are available, however the high 

am bient pressures in both POMBE and PLD prevent some of their uses, and 

others w ere not available in the deposition systems used. X-ray diffraction 

techniques are used for m any purposes, but in this experiment they provided 

specifically phase identification, inform ation on epitaxial orientation and 

epitaxial quality. Scanning electron microscopy (SEM) was used to analyze the 

surface m orphology of the thin films. The composition of precipitates on the 

surface of the films was typically identified using energy dispersive x-ray
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spectroscopy (EDS). Structural characterization in  the SEM w as perform ed 

using  electron backscattered Kikuchi pa tterns (EBSP), w hich is discussed in 

detail in chapter 3. EBSP gives local crystallographic information with a spatial 

reso lu tion  as sm all as 0.25 jxm. This technique allow ed the orientation 

relationship between the substrate and the thin film to be identified as well as 

between grains in the film. It is a non-destructive technique which is relatively 

surface sensitive (typical electron beam  penetration of approxim ately 200-300 

A). Smoothness of surfaces can be analyzed using atom ic force microscopy 

(AFM). AFM uses displacements of a small cantilever beam  m easured using a 

laser, to m ap out surface morphology. This technique was specifically used to 

analyze the surface of the MgO substrates both  prio r to and after irradiation. 

Both transm ission electron microscopy (TEM) and h igh  resolution electron 

m icroscopy (HREM) are destructive techniques to study  the structure and 

chemistry of thin films and will be discussed in detail later.

II.3. High-Tc G rain Boundaries

The discovery of high-tem perature superconductors provided intense 

excitement in the technological possibilities of these materials. This enthusiasm 

w as tem pered by fundam ental m aterials issues, w hich prevented imm ediate 

im plem entation of these materials. The m ost obvious problem s were that these 

m aterials were extremely complex in  both structure and chemistry, and were 

difficult to form in various configurations necessary for different applications 

due to their brittle nature. A nother m aterials difficulty w as also quickly 

realized, the weak-link behavior of grain boundaries (Ekin et al. 1987). Due to 

the relatively short coherence length (see Table 2.4) of the high-Tc m aterials
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Material TC(K) Penetration Depth, 
a.o (nm)

Coherence Length, 
SO (nm)

Al 1.18 16 1600
Pb 7.2 37 83
Nb 9.2 39 38

80 10-30
NbTi 9.2-10
NbN 13-16 300-600 4-7
Nb3Sn 17-18 170 6-8
Nb3Ge 21-23 150 3
YBCO 92 140 1-1.5

0.3

Table 2.4. Com parison of low-Tc and  high-Tc transition tem peratures, 
penetration depths and coherence lengths (from Russek 1990).
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relative to the low-Tc m aterials, any structural or chemical defect on the order of 

1 nm  w ould  d isrup t the superconductivity . H igh-angle grain boundaries 

proved to provide sufficient distortion to locally reduce the order param eter at 

the boundary and create a w eak link.

A w eak  lin k  is s tr ic tly  defined  as a reg ion  of w eak en ed  

superconductivity. In the case of grain boundaries, they behave as regions w ith 

depressed critical current densities relative to a single grain. This behavior is 

highly detrim ental for high-critical current applications such as transm ission 

lines. In these applications, as m uch supercurrent needs to be passed through 

the m aterial as possible, so regions of depressed critical current are not desired. 

There is significant w ork being done in bulk sam ples to attem pt to increase the 

grain  size or m ake m ostly low  angle grain boundaries w ith higher critical 

. current densities than  high  angle grain boundaries, using techniques such as 

m elt-texturing.. Studies of single grain boundaries in bulk samples (described 

later) have been done to analyze their superconducting behavior (Babcock et al. 

1990; Schindler et al. 1992; Schindler et al. 1994; Sarma et al. 1994; Field et al. 1992; 

Field et al. 1995). The detrim ental aspects of high-angle grain boundaries forced 

the developm ent of epitaxial thin films w ithout grain boundaries on num erous 

substrates to avoid weak links.

The w eak link behavior of grain boundary  junctions can be favorable 

under certain circumstances. The high-angle grain boundaries exhibit some of 

the Josephson effects discussed earlier. If properly controlled these effects can 

be used in num erous active device applications, w here the response of the 

junction can be used. O ne of the applications is to use the m agnetic field 

properties of a grain boundary  junction as a detector. The first commercial
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high-Tc device w as m ade using  a bi-epitaxial grain boundary  junction in a 

superconducting quantum  interference device (SQUID). SQUIDs can be used as 

m agnetic field sensors for biomagnetics (m agnetic resonance im aging), and 

geophysical applications. Other applications for Josephson like grain boundary  

junctions include receivers (radar), DC voltage standard  and m ultiplier, A /D  

and D /A  converter, digital integrated circuits, logic gates for com puters and 

m em ory cells. W ith the advent of high-tem perature superconductivity and the 

reduced cooling needs, there obviously is large m otivation for developing high 

quality Josephson junctions for applications. This w ork is concerned w ith  the 

favorable aspects of grain boundary junctions. Some of the junctions have been 

used in  actual applications, and  others are being developed for potential 

im plem entation. The study  will address the w eak link na tu re  of the  grain 

b o undaries  to be tter u n d e rs tan d  and u ltim ately  im prove the junction  

characteristics.

11.3.1. Mis orientation Angle

The first major systematic effort to understand the role of grain boundary 

weak links w as by Dimos et al. (Chaudhari et al. 1988; Dimos et al. 1988; Dimos 

etal. 1990). This w ork used YBa2Cu307-x thin films grown on  SrTiC>3 bicrystal 

substrates to study the norm alized grain boundary  critical current density as a 

function of grain boundary  m isorientation angle. Bicrystals w ere m ade by 

sintering tw o single crystal substrates m isoriented by a given angle, to form a 

substrate tem plate for the film deposited on top. In bicrystals w ith prim arily 

[001] tilt and  tw ist grain boundaries, it w as show n that the norm alized critical 

cu rren t density  decreased exponentially for m isorientation angles >10° (see
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figure 2.8a-b.). (Note: A tilt grain boundary is defined by a rotation to form the 

boundary about an axis parallel to the grain boundary plane. A  twist boundary 

is defined by  a rotation of the grain about an axis perpendicular to the grain 

boundary plane.) The decreased critical current density was approximately two 

orders of m agnitude less than that of the grain for the highest misorientation 

angles 35°-40°. The strong decrease in critical current density was attributed to 

the structural disorder at the grain boundary which locally depressed the order 

param eter, or the density of Cooper pairs. The grain boundaries showed strong 

oscillations of the critical current in  small applied magnetic fields, while there 

w as no variation  in  the critical current of the grains, confirm ing weak link 

behavior. The current steps resulting from a single grain boundary  under 

m icrowave irradiation were observed, dem onstrating that the a.c. Josephson 

effect exists in these boundaries (Gross et al. ). Ivanov et al. (Ivanov et al. 1991a; 

Ivanov et al. 1991b) studied nominally asymmetric (as opposed to Dimos et al, 

w ho stud ied  predom inantly  sym m etric tilt boundaries) grain boundaries on 

y ttria-stabilized zirconia (YSZ) substrates as a function of m isorientation. 

angle(see figure 2.9) (a sym m etric grain boundary is defined as a boundary 

which is a m irror plane for the structure on the either side, and will be discussed 

m ore later). Ivanov(Ivanov et al. 1991a) also found an  exponential decrease in 

the critical current density of the grain boundary as a function of misorientation 

angle confirming the result by Dimos et al. This w ork also questioned the role 

of the macroscopic symmetry of the grain boundary. This will later be shown to 

be im portant, b u t uncontrolled due to  the dom ination of microfaceting and 

m eandering locally a t the grain boundary.



44
O ther w ork  has show n tha t certain  h igh-angle grain boundaries can 

suppo rt "weak-link-free" behavior (Chan et al. 1990; Babcock et al. 1990; Eom et 

al. 1991; Eom et al. 1993). The first m ajor w ork  tha t directly m easured a high 

angle grain boundary  w ithout w eak link behavior w as Babcock et al. (Babcock 

et al. 1990). This study  describes a bulk  bicrystal w ith  90° tilt and a 90° tw ist 

g ra in  boundaries in parallel. These g rain  boundaries d id  no t have any 

significant variations in I-V characteristics as a function of applied field, and the 

critical current density (albeit relatively low, about 10^ A /cm ^) d id  not diminish 

significantly across the boundary . The behavior w as a ttributed  to the bulk 

natu re  of the crystal, which is no t constrained by a substrate as in the thin films, 

and  can therefore choose low er energy configurations. The au thors said the 

grain  boundary  properties w ere possibly attributable to the fact that it w as in a 

near coincident site  lattice configuration (NCSL). Coincident site lattice (CSL) 

m odels, how ever, are strictly  geom etric constructs w ithou t any energetic 

considerations. N o w ork has consistently correlated NCSL grain boundaries to 

im proved transport properties.

Eom et al. studied (103) YBa2Cu307-x thin films on  (101) LaA103 and 

(101) SrTi03 substrates w ith specific 90° grain boundaries both [010] tw ist grain 

boundaries and [010] basal p lane faced tilt boundaries (Eom et al. 1993). The 90° 

[010] tw ist boundaries exhibited non-w eak link type behavior. The implication 

of th is resu lt is th a t in step-edge junctions one of the  junctions is  strongly 

coupled  (see discussion below ). Therefore, som e specific high-angle grain 

boundaries have been show n to support alm ost as m uch critical current as the 

grains.



45

•  (001) t i l t  

■ (100) t i l l  

A (100) tw ist

u“5

Misorientation angle (deg)

Figure 2.8a, The norm alized critical current density as a function 
of m isorientation angle for [001] tilt grain boundaries 
(from  Dimos et al. 1990).
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Figure 2.8b. The norm alized critical current density as a 
function of total m isorientation angle in  bicrystal grain 
boundaries (from Dimos et al. 1990).
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Figure 2.9. The critical current density as a function of 
m isorientation angle in  asymmetric bicrystal grain boundaries 
(from Ivanov et al. 1991).
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The grain boundaries in this study are all 45° [001] tilt grain boundaries 

and therefore are in the high-angle weak-Iinked regime. They were designed to 

be macroscopically both symmetric and asymmetric. All the boundaries were 

formed in YBCO thin films using both POMBE and pulsed laser deposition.

II.3.2. G rain Boundary Structure

The transport properties of the grain boundary can be affected by both 

macroscopic and microscopic structural features. Distortions on the order of 

the  coherence length  w ill p reven t phase coherence across the boundary. 

Therefore the structure of the grain boundary on  microscopic and macroscopic 

length scales can strongly affect the conduction of Cooper pairs across the 

junction. O n a relatively large scale, grain boundaries can be interrupted by 

both  precipitates and  second phases. The occurrence of second phases and 

precipitates is highly  dependent on the specific conditions and the m ethod of 

grow th  used. If there is a large degree of non-stoichiom etry there are more 

precipitates that often d isrup t the grain boundary, and prevent supercurrent 

from traversing the boundary in that region. This is very clearly seen in the case 

of bulk, m elt-textured sam ples that often have large Y2B aC uO s particles 

form ing as a second phase, often intersecting the grain boundary (Wang et al. 

1993).

N um erous studies have looked at grain boundaries in YBCO thin films 

using TEM (Zandbergen et al. 1990; Gao et al. 1991b; Laval et a l 1991; Alarco et 

al. 1993; Chisholm et al. 1993; Eom et al. 1993; Jia et al. 1993; Marshall et al. 1993; 

Z h u  et al. 1993a; Traeholt et al. 1994b). O n a microscopic scale the grain 

boundary  structure can vary, especially in thin film grain boundaries which
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typically do not follow the tem plate of the substrate (bicrystal, bi-epitaxial etc.). 

This structural behavior has been labeled m eandering and has been seen in 

various sam ples (Traeholt et al. 1994b; Miller et al. 1995). M eandering occurs on 

a length scale of hundreds of angstroms to hundreds of nanom eters (deviation 

from the tem plate substrate boundary) and has been related to the grow th rate 

of the th in  film. The slower the growth rate of the film, the smaller the am ount 

of m eandering, which implies that it is due to grain growth across the substrate 

boundary  due to the faster grow th in  the a-b direction than in the c-direction. 

This also m eans that the macroscopic sym m etry of the boundary does no t match 

the microscopic sym m etry (this will be discussed w ith respect to transport and 

chem istry later). The role of the variation will be discussed in detail later, both 

in the difference betw een sym m etry and asym m etry and the uniform ity of 

sym m etry along the boundary.

The local sym m etry  of the grain boundary  can potentially  p lay  an 

im portant role in the conduction across the boundaries (discussed m ore in the 

follow ing section). The local sym m etry of the grain boundary  essentially 

defines the relation of the grain boundary plane to the two adjacent grains. If 

the grain boundary plane is a m irror plane, the boundary is symmetric, if not, it 

is asymmetric. There are num erous symmetric and asymmetric configurations 

possible for a given misorientation and they are specifically identified using the 

plane norm al of the two adjacent grains at the grain boundary and a rotation 

angle. Typically d u e  to m eandering it is very difficult to isolate the 

independen t transport properties of the different facets (discussed in  detail 

later). This is w hy the macroscopically sym m etric and asymmetric bicrystals 

d id not necessarily identify the difference in the transport properties betw een
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Figure 2.10. H istogram  of grain boundary m isorientations in 
polycrystalline thin films on MgO (from Shin e t al. 1989).
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the sym m etries. Finally, and perhaps m ost im portantly, structural d isorder 

localized  a t the g rain  boundary  can strongly  affect the g rain  b o u n d ary  

properties. The com bination of these different structural d isorders can all 

potentially play a role in the weak link properties of the grain boundary junction 

behavior.

Specific TEM /STEM  analysis of YBCO grain  boundaries on  M gO 

substrates have been studied by several groups (Tietz et al. 1988; C arter et al. 

1989; Shin et al. 1989; N orton  et al. 1990; Gao et al. 1991a; Gao et al. 1991b; 

M cKeman et al. 1992; N eum ann et al. 1993a; H w ang et al. 1990; Ram esh et al. 

1990a; Ramesh et al. 1990b; Ramesh et al. 1991). W hen films w ere initially grow n 

on  M gO substrates, the sam ples w ere polycrystalline and form ed several 

different orientation relations betw een the MgO and YBCO (Shin et al. 1989; 

H w ang et al. 1990; Ramesh et al. 1990a; Ramesh et al. 1990b; Ramesh et al. 1991). 

The films grew  [001] epitaxial bu t the a-b axes of the film had  several favored 

orientations w ith the substrate. Two predom inant h igh  angle grain boundaries 

th a t form ed w ere 27° and 45° [001] tilt (see figure 2.10). Evidence for 

m eandering  w as clearly seen, and there w as som e m icrofaceting for specific 

m isorientations. One of the major interests in grain boundaries on MgO is that 

they are form ed "naturally" as opposed to a forced epitaxial relation such as 

w ith  the bicrystal or bi-epitaxial junctions. A  few studies of the transport have 

been done, bu t they w ere on random ly isolated high-angle grain boundaries, 

w ithout specific knowledge of the misorientation.

II.3.3. Grain Boundary Chemistry
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The chemical composition of the grain boundary  is also potentially very 

im portant in controlling the transport properties. As previously m entioned, a 

large variation in local chemistry can result in second phases and precipitates at 

the grain  boundary  which d isrup t the supercurrent transport. There are also 

other m ore subtle effects such as small local variations in stoichiom etry at the 

boundary . Studies of the grain boundary  com position in bulk  YBa2Cu307-x 

sam ples have show n some stoichiom etric variation  at the  grain  boundary  

(Babcock et al. 1989; Kroeger et al. 1988; C hiang et al. 1988). A uger electron 

spectroscopy  dem onstra ted  th a t g rain  boundaries varied  significantly  in 

com position, b u t tended to be C u rich and O deficient (Kroeger et al. 1988; 

Chiang et al. 1988). Babcock et al. (Babcock et al. 1989)used energy dispersive x- 

ray  spectroscopy (EDS) to study  the local boundary  composition w ith a 5-8nm 

spatial resolution. W ithin th is resolution the grain  boundary  had  a slight 

increase in  C u and decrease in O  content in  som e regions, bu t no variation 

across o ther regions. This is consistent w ith  the argum ent that there are 

m odulations in  the local chem istry along the boundary. In th in  film grain 

boundaries on MgO, Shin et a/.(Shin et al. 1989) used EDS to m easure the local 

chemical com position. In the th in  film  case no variation w as seen across the 

grain boundary  w ithin a stated 10 A spatial resolution. A consistent explanation 

of the stoichiom etry at the grain boundary in these two cases can be that in bulk 

sam ples there is less control over local stoichiom etry com pared to th in  films. 

Therefore, the th in  film grain  boundaries w ill no t be enriched w ith  cations. 

N one of the experim ents correlated the local chemical composition to the grain 

boundary misorientation.
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As m entioned above, there can be an oxygen deficiency locally at the 

g rain  b o u n d ary , w hich  can cause a difference in the  local hole carrie r 

concentration. Decreasing the oxygen content in YBa2Cu307-x to x=0.6,(see 

YBa20u3O7-x structure  above) leads to a sem iconducting phase, w ith  the 

oxygen content related to the superconducting properties by the num ber of hole 

carriers available. W ork by Niicker et fl/.(Niicker et al. 1988; Niicker et al. 1989; 

Niicker et al. 1990)demonstrated a correlation betw een the oxygen content and  

the oxygen pre-edge structure using electron energy loss spectroscopy (EELS) 

on  bulk samples. The hole carriers were determ ined to be at the oxygen (4) sites 

connecting the planes and the chains, as opposed to being equally distributed 

am ong all the oxygen sites in the unit cell.

Spatially localized hole carrier concentrations w ere determ ined using  

parallel electron energy loss spectroscopy (PEELS) both using a field em ission 

gun  transm ission  electron m icroscope and scanning transm ission  electron 

microscopes by num erous groups (Browning et al. 1992; Batson 1993; Browning 

et al. 1993; D rav id  et al. 1993; Z hu  et al. 1993b; Babcock et al. 1994). 

Q uantification of spectra from  both  fully oxygenated and  oxygen-deficient 

sam ples using a three gaussian fit to the pre-edge w as done to confirm that the 

hole carrier concentration w as related to the YBCO superconducting properties 

(see figure 2.11a.) (Browning et al. 1992). W ork by Browning et ^/.(Browning et 

al. 1993) on a sym m etric 36° tilt boundary and an asym m etric 29° tilt boundary  

using PEELS show ed that structurally  there w as a sm all unidentified region 

(potentially  am orphous) along the asym m etric grain  boundary , b u t a w ell 

structured symmetric grain boundary. The PEELS spectrum  of the asym metric 

grain boundary  w as oxygen depleted in a region of 20-40 A on both sides of the
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Figure 2.11a. N orm alized oxygen pre-edge intensity as a function 
of oxygen content (from Browning et al. 1993).

H

oG
-80 -60 -40 -20 0 20 40 60 80

Probe position (A)
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asymmetric and sym m etric grain boundary. The asymmetric 
grain boundary is represented by the circles 
(from Browning et al. 1993).
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boundary (see figure 2.11b.). The symmetric grain boundary, however, d id  not 

have an oxygen depletion. This result suggests that there could be a difference 

in the transport properties of sym m etric and asymmetric grain boundaries, bu t 

no transport m easurem ents w ere made. Zhu et al(Zhu  et al. 1993b) studied two 

different facets of the same grain  boundary. They looked at the effect of the 

grain boundary plane on the oxygen pre-edge structure using PEELS. The two 

different grain boundary planes had  different hole carrier concentrations despite 

having the sam e m isorientation angle. One p a rt of the grain  boundary had  a 

depleted region (w ithin the resolution of a 2 nm  probe), and  the second region 

w ith  a different grain boundary plane d id  not have a depletion.

A nother issue is w hether there is any variation along the grain boundary. 

N one of the previous studies m entioned looked a t the variation along the grain 

boundary . D ravid et a l  (D rav id  et al. 1993) s tud ied  the  hole carrier 

concentration along bulk grain boundaries. The hole carrier concentration was 

related to the oxygen content, and exhibited a change betw een approxim ately 

0 6 .8 5  and  06.5* This resu lt w as on  a varie ty  of grain  boundaries bo th  

symmetric and asymmetric w ith varying misorientation angles, which were not 

correlated to  the  depletion. Babcock et a/.(Babcock et a l  1994) stud ied  

electromagnetically characterized bulk bicrystals using PEELS. They correlated 

hole carrier depletion  w ith  w eak-link behavior using a 2 nm  probe stepped 

across the grain boundary. W eak-linked grain boundaries had a depletion in 

the hole carrier concentration at the boundary , bu t the strongly coupled 

junctions (as m easured by  decrease in critical current as a function of applied 

magnetic field) d id  not show a depletion. Even re-oxygenated samples of weak-
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linked grain boundaries remained depleted (although increased relative to pre­

anneal measurements).

The chemistry of the grain boundary appears to play an im portant role in 

the weak link behavior. It is difficult, however, to distinguish betw een the local 

composition and the effect of the misorientation. Part of the chemical effects 

could be due to the local structure (as show n by Browning)(Browning et a l 

1993), and will be discussed in detail in the results.

II.3.4. D irect T ransport Properties

Significant w ork has been done on the transport properties of grain 

boundary  junctions. A w ide variety of junctions have been stud ied  using 

num erous techniques. The m ost im portant and relevant studies concerning 

direct transport m easurem ents of individual grain  boundary  junctions are 

reviewed in this section.

II.3.4.1. Resistive Transition

The resistive transition is used to identify the critical tem perature and 

study some of the norm al state properties of the grain boundaries. Since a grain 

boundary  is su rrounded  by tw o grains, there are usually  two resistive 

transitions. First a transition for the bulk superconducting material, followed by 

a  transition for the grain boundary (if it is a weak link, and the m easurem ent is 

sufficiently sensitive). The reason for the lower Tc of a w eak linked grain 

boundary is because of the depressed critical current density. The resistance is 

m easured as a function of tem perature for a given applied current. Therefore 

the critical tem perature is determ ined by the applied current, which dictates the
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resistance  sensitiv ity  of the m easurem ent (and is directly  re la ted  to the 

sensitivity to the critical current). This value is always reached in a weak linked 

grain  boundary, prior to the grains due to the depressed critical current. Low- 

field SQUID m easurem ents of the Meissner effect are typically used to m easure 

the bulk  T o  bu t cannot detect the grain boundary  transition because it is not a 

significant volum e fraction of the sample. The normal state resistance has been 

generally  show n to be tem perature-independent (Gross 1992). M ost of the 

varia tion  w ith  tem pera tu re  in IcRn is therefore due  to the tem pera tu re  

dependence of the critical current.

The g rain  bou n d ary  junction resistance has also been a ttribu ted  to 

therm ally activated phase slippage (TAPS) (Gross et al. 1990; Am begaokar et al. 

1969). TAPS is caused by  therm al fluctuations that disrupt the phase coherence 

of a Josephson junction. If the phase slips by 27c, there is a finite resistance 

across the  junction. Experimental evidence has dem onstrated the effect of TAPS 

on the  transition due  to the high operating tem perature of the junctions relative 

to the low-Tc junctions w here this is not a significant effect (Gross et al. 1990).

II.3.4.2. Current-V oltage Characteristics

Current-Voltage characteristics can be used to describe several aspects of 

grain  boundary  junctions. First, the basic I-V m easurem ent gives the critical 

current (Ic) of the region m easured. The current is ram ped up  across a junction 

until a specific offset voltage is m easured (typically 1 |iV). This value is defined 

as the critical current above which the sam ple is in the norm al state. There are 

o ther criteria that can be used such as a given resistivity, w hich are discussed 

elsewhere (see Ekin(Ekin 1989)). The weak link grain boundary behavior can be
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isolated from  the adjacent grains because the grains rem ain superconducting 

and have no  voltage drop during the transition of the boundaries. Therefore the 

transition to the norm al state of the grain boundary can be readily analyzed 

w ithou t the superposition of the grain characteristics. The weak link behavior 

of individual grain boundary junctions isolated by Chaudhari et fl/.(Chaudhari 

et al. 1988), was first identified by current-voltage measurements. Dimos et al. 

show ed an exponential decay of the norm alized critical current density w hen 

the m isorientation angle exceeded approxim ately 10° (described previously). 

A fter the transition  to the norm al state, the norm al state resistance can be 

identified (Rn) by determ ining the slope of the I-V characteristics when at high 

voltages. Gross (Gross 1992) show ed tha t Rn is typically independent of 

tem perature for m ost types of junctions. The IcRn value is a characteristic value 

of the junction and is an  im portant design param eter for applications. This 

value is the voltage that can be placed across the junction, and determines the 

necessary circuit param eters for a given device.

The shape of the I-V characteristic can be indicative of the type of 

junction behavior. Lathrop et al. (Lathrop et al. 1991; Moeckly et al. 1993) used 

the resistively shunted junction m odel for the I-V characteristics in weak-linked 

grain  boundaries on MgO. The grain  boundaries w ere found by m aking 

m icrobridges smaller than the average grain size to random ly isolate individual 

g ra in  b o u n d a rie s , how ever these w ere  never d irectly  corre la ted  to 

m isorien tation  angle. D epending on  the value of the Stewart-M cCum ber 

param eter, fi, the curve can vary  from a sharp  voltage onset (junction 

capacitance = 0) to a gradual voltage onset (larger capacitance values). At
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higher tem peratures, close to Tc, the I-V curve can become m ore rounded , 

indicating a flux-flow type behavior as opposed to the RSJ-type behavior.

One w ay of identifying the type of junction is to analyze the critical 

cu rren t as a  function  of tem p era tu re  close to Tc . A m begaokar et 

«/.(Ambegaokar et al. 1963) dem onstrated that the scaling behavior of a junction 

can identify the difference betw een Iow-Tc S-N-S and S-I-S type junctions. The 

tem perature dependence of the critical current is predicted to be proportional to 

(1-T/Tc)n , n = l for a S-I-S junction and n=2 for a S-N-S junction. H ow ever, 

recent theoretical predictions suggest that the reduced coherence length in the 

high-Tc m aterials w ould give n=2 for both  S-I-S and S-N-S junctions m aking 

them  indistinguishable (D eutscher et a l  1987). This has not been confirm ed 

experimentally. G rain boundaries on MgO exhibited Ic «  (1-T/Tc)n  w ith  n=2 

type behavior. This type of behavior w as attributed to S-N-S junctions, bu t no 

clear N  layer was identified.

Significant inform ation can be obtained from the I-V data, bu t som e key 

issues rem ain  unreso lved . The critical cu rren t only m easures the  to tal 

supercu rren t traversing the junction. It does no t identify w hether the Jc 

fluctuates as a function of position, i.e. w hether Jc is uniform  across the junction, 

o r varies along the junction. This is one of the key questions in identifying the 

w eak link behavior across the grain boundary. Also, virtually all the transport 

w ork on these junctions was not directly studied w ith  respect to m icrostructural 

features.

II.3.4.3. M agnetic Field Properties
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The magnetic field behavior of the grain boundary junction can provide 

unique information on the uniform ity of the supercurrent distribution along the 

boundary  length. Two different magnetic field regimes are usually studied to 

determ ine the junction behavior. Small magnetic fields are used to identify 

oscillations in the critical current as a function of applied magnetic field below 

H C1 (approxim ately 200 G for YBCO). Large magnetic fields are used to study 

residual critical currents, w hich can be described by m odels of inhomogeneous 

junctions. The scale of the inhom ogeneities along the  grain  boundary  as a 

function of applied field follows eq. 2.11: (Mayer et al. 1993)

&x= (2.11)
2 B „ A

where Ax = the real space size o f the superconducting region 
<I>0 = the flux quantum  
Bmax = the maxim um  applied magnetic field 
A,l = the London penetration depth

Also "weak-link-free” grain boundaries have been identified by high  field

m easurem ents w ith no degradation in the critical current density of the grain

boundary (Babcock et ah 1990; Eom et al. 1991).

Several studies have looked at the magnetic field dependence of grain 

boundaries in high-Tc superconductors. A couple of the studies(Eom et al. 1993; 

Babcock et al. 1990) show ed that specific high-angle grain boundaries (90° [100] 

tw ist and [100] tilt) m aintain high critical currents at large applied fields, and 

are therefore strongly  coupled junctions. In the case of w eak-link grain  

boundaries the m agnetic field behavior is related to the coupling across the 

junction.

The magnetic field dependence of the critical current density of thin film 

weak-link grain boundary  junctions has been studied on 45° grain boundaries
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on M gO, (Lathrop et al. 1991) bicrystal grain  boundaries,(M ayer et al. 1993; 

Sarnelli et al. 1993b; Sam elli et al. 1993c; D aum ling et al. 1992; Froehlich et al. 

1995), bi-epitaxial grain boundaries(Rosenthal et al. 1991), and  b u lk  grain  

boundaries (Schindler et al. 1992). Lathrop et al. (Lathrop et al. 1991)modeled 

m agnetic field data  using an inhom ogeneous critical current distribution along 

the grain  boundary. W hile not perfect, the data certainly hinted that this type of 

current d istribu tion  could be consistent w ith the results. The m agnetic field 

oscillation as a function of grain boundary  w id th  w as analyzed, using  bi- 

epitaxial junctions, by Rosenthal et ^/.(Rosenthal et al. 1991). They show ed that 

the scaling of the lobe w idth , AB (the spacing betw een valleys in  the Ic(B) data), 

scaled as l /w ^  as opposed to the usual 1 /w  behavior. M ayer et al. determ ined 

th a t the critical current dependence on the w id th  of the boundary  d id  not 

saturate indicating that the current was not lim ited to the Josephson penetration 

depth.

In h igh  applied m agnetic fields (2-12 T) a residual current is typically 

observed across the grain boundary junctions (Samelli et al. 1993b; Sam elli et al. 

1993c; D aum ling  et al. 1992; Froehlich et al. 1995). Small oscillations are still 

observed in the  critical current at these high fields. This has been explained by 

Samelli et al. (Samelli et al. 1993c)as inhomogeneities on the length scale of the 

coherence length  (Dayem -bridge m odel explained below). Froehlich et al. 

(Froehlich et al. 1995) describes the grain boundary  as regions of strongly 

varying critical current densities w ith length scales from ran  to |im  (discussed 

m ore below ). This w ork  assum ed a constant phase varia tion  along the 

boundary  w hich will later be show n to be incorrect. The com bination of high 

and low  m agnetic field m easurem ents definitely suggests length  scales for
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in h o m o g en eitie s  o f th e  g ra in  b o u n d ary , b u t the key is to id en tify  

m icrostructural features that m ay cause this behavior.

II.3.5. G rain  B oundary M odels

N um erous attem pts have been m ade to m odel the grain boundaries both 

using transport data and microstructural data. The models tend to be relatively 

sim plistic and  based on  em pirical data, however, they do provide insight into 

the w eak link behavior of grain boundaries. The first m odel suggested w as by 

Dimos et a/.(Dimos et al. 1988) w ho said that the dislocation spacing along the 

g rain  b o u n d a ry  w as proportional to the m agnitude of the critical cu rren t 

density. Therefore, for sm all angle grain boundaries the dislocation spacing is 

rough ly  p roportiona l to 1 /0  and  has a sim ilar degradation  in Jc as the  

m isorientation angle drops. The dislocation cores w ere believed to have a 

depressed  o rd er param eter, i.e. a reduced num ber of C ooper pairs due  to 

structural distortions, o r the dislocations could act as preferential penetration 

sites for m agnetic flux. The spacing in between the dislocations was considered 

strongly coupled, and therefore as this region dim inished, so d id  Jc. TEM w ork 

by Gao et al. confirmed that low angle grain boundaries consisted of a series of 

discrete edge dislocations w ith  a finite core structure  w hose dim ensions are 

com m ensurate w ith the strong decrease in Jc as a function of 0(Gao et al. 1991a). 

Low  angle g rain  b o u n d ary  m odels breaks dow n for h igher angle g rain  

boundaries w here dislocation cores overlap. A clear shortcom ing of such 

m odels is the relation to typical m icrostructures of high-angle grain boundaries, 

w hich never exhibit perfectly periodic dislocation spacings as assum ed b y  the 

m odel (this will be discussed in chapter VII and appendix I).
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The transport properties of the junctions were attributed by Gross to be 

due to resonant tunneling across the boundary  (Gross 1992). The m odel is 

based on an S-I-S structure where the insulator consists of a high density of 

defect states (presumably oxygen vacancies) at the boundary. There are two 

tunneling processes across the boundary , direct and  indirect. The direct 

tunneling results in Cooper pairs directly traversing the boundary. In the 

indirect tunneling process, pairs of electrons tunnel to defect sites in the 

insulator before tunneling to the second grain. This m odel successfully 

describes some of the transport properties of the boundary. H ow ever, it 

definitely does not explain the critical current variation at low applied magnetic 

fields. The m agnetic field data are essential in  understanding  the current 

d istribution  along the boundary. The S-I-S junction is also no t directly 

correlated to  microstructural features along the boundary.

A third  m odel was developed by Sam elli et al. (Sarnelli et al. 1993a; 

Sarnelli et al. 1993c) based on residual currents across grain boundary junctions 

in high magnetic fields. This model, called the Dayem bridge model, is a series 

of Dayem bridges lying in parallel along the grain boundary separated by 

norm al regions. A Dayem bridge is a constriction in a superconductor dow n to 

the size of the coherence length, and was first developed for low-Tc materials 

(Dayem et al. 1967). This model predicts weak links on the order of a few nm  in 

length lying in parallel w ith normal paths. The other corroborating evidence is 

that the I-V characteristics of the junctions agree w ith the RSJ model (as does the 

Dayem bridge). Close to Tc the Dayem bridge m odel predicts a dependence of 

Ic(l-T/Tc)n w ith n=2, however other data suggests that Dayem bridges have 

n=1.5 dependence (Likharev 1979). A theoretical calculation of the magnetic
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field behavior for a sim ilar set of Josephson junctions in parallel shows that a 

residual critical current persists due to the inductance of the coupled junctions 

(Miller et al. 1991). One of the difficulties w ith this m odel is that experimentally 

a set of parallel Dayem bridges have not been m easured, and little data  is 

available on the transport properties of these junctions in general.

The Dayem bridge model was developed further by Dravid et al. (Dravid 

et al. 1993). They found a m odulation of the hole carrier concentration along the 

grain boundary and related it to a modified Dayem bridge model. In this m odel 

superconducting  regions are surrounded  by regions w ith  varying oxygen 

stoichiometry. These regions w ould have different electromagnetic properties, 

which would affect the electromagnetic properties of the grain boundary. It was 

also stated that the distance between the different regions w as greater than the 

coherence leng th  of approxim ately  1.5 nm , and  w o u ld  generally  be 

approxim ately 20-50 nm  in size. It should be noted  tha t the data w ere not 

d irectly  correlated  to either m icrostructure  or specific grain  boundary  

misorientations.

A nother model, called the filamentary model, was proposed by Moeckly 

et al. (Moeckly et al. 1993). This model is a composite superconductor, consisting 

of superconducting filaments shunted by norm al conduction paths (essentially 

su p e rco n d u c tin g  filam ents in a non -su p erco n d u c tiv e  m atrix). The 

superconducting filaments are assumed to be random ly connected at the grain 

boundary. By studying the electromigration of oxygen it w as determ ined that 

the non-superconductive m atrix is due to oxygen disorder in the basal plane. 

The average lateral dimension of the filaments was estim ated to be between the 

coherence length (1.5 nm) and a correlation length determ ined from magnetic
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field data (60 nm). The m odel w as not correlated to m icrostructural features 

and  was only fit to transport data. Likewise the grain boundaries studied were 

random ly isolated on  M gO substrates and found to be m ostly 27° and 45° tilt 

grain boundaries, bu t the actual m isorientation was no t related to the transport 

properties.

All of these m odels are successful in describing certain aspects of grain 

boundary  w eak-link  behavior. H ow ever, none of them  are com pletely 

consistent w ith  all the data, and the details of the boundary  are not well known 

(e.g. distances and sizes of norm al regions, etc.). Also, a thorough  and 

consistent agreem ent betw een the m icrostructure and transport properties has 

not been determined.

II.4. YBa2Cu307-x Junctions

H igh  q u a lity  h igh-T c . g ra in  b o u n d a ry  Josephson  junctions w ith  

reproducible transport properties are difficult to  m ake due  to  basic materials 

issues. Since the coherence length  is on the order of 15 A, there m ust be 

significant control over the m aterials grow th  to  form  reproducible transport 

properties in  junctions. The first junctions m ade w ere based on thin film high 

angle grain boundaries since they could be form ed relatively easily (see figure 

2.12 a-b.). By using various epitaxial conditions to control the grain boundary 

form ation, several different techniques w ere used to m ake grain boundary  

junctions including bicrystals,(Dimos et a l 1988; Dimos et at. 1990) steep step- 

edges,(Jia et al. 1991; Jia et al. 1992; Daly et al. 1991) bi-epitaxial(Char et al. 1991a; 

C har et al. 1991b) and sputter-induced epitaxy (Vuchic et al. 1995a; Vuchic et al. 

1995b; Chew et al. 1992b).
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Initially bicrystals were used,(Dimos et al. 1988; Dimos et al. 1990; Ivanov 

et al. 1991a) w here two bulk  substrates were misoriented to the desired angle 

and sintered together to form an epitaxial substrate w ith tw o different epitaxial 

orientations. The substrates can be aligned in num erous configurations 

including sym m etric and asymmetric tilt, as well as twist boundaries. Various 

m aterials were used such as SrTiC>3, yttria stabilized zirconia (YSZ) and MgO 

(Lu et al. 1993). This technique forms relatively high-quality junctions w ith  

decent reproducibility, b u t is expensive due to the bicrystal cost. A nother 

draw back is that the grain boundary can be formed in only one position along 

the substrate, w hich is fine for superconducting quantum  interference devices 

(SQUID), b u t not good if multiple junctions are necessary for other applications. 

Also it is more difficult to form multilayers due to propagation of the bicrystal 

tem plate into the subsequent layers deposited.

The second type of junction called the step-edge junction is m ade by 

forming a steep step in the substrate (Daly et al. 1991; Jia et al. 1991; Jia et al. 1992; 

Jia et al. 1993). The step is typically m ade using an ion beam  to remove part of 

the substrate (usually LaA103, bu t others have been used) and form a step 

approxim ately 100 nm  deep. The film is then deposited w ith a c-axis epitaxy on 

the upper and low er ledges, but an a-axis film is formed along the step edge. 

The junction then consists of two grain boundary junctions, one at the top step 

edge, w hich is a sym m etric tilt grain boundary, and a grain boundary at the 

lower edge w hich is less well defined. The upper junction has been studied by 

m easuring films w ith analogous grain boundary configurations (Eom et al. 1991; 

Eom  et al. 1993). These grain boundaries appear to be strongly coupled and 

m aintain a large supercurrent in field. The lower junction is probably m ore
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responsible for the w eak link behavior, bu t is unfortunately m ore difficult to 

form  reproducibly. The step-edge technique can be used to m ake junctions in 

v irtually  any configuration on a substrate. There are three m ajor draw backs in 

u sin g  the  step-edge junctions. First, it is difficult to m ake reproducib le  

junctions, especially from chip to chip. The second draw back is the lim itation in 

the  m isorientation  angle betw een the grains (the grain  boundaries are all 

betw een a- and c- axis grains), and two grain boundaries are more difficult to 

control than  one. Finally, due to the step edge it is difficult to form  planar 

m ulti-layer configurations for integration w ith other m aterials systems.

O ne of the  first high-Tc comm ercial p roducts w as developed using 

another type of grain boundary junction called a bi-epitaxial junction (Char et al. 

1991a; Char et al. 1991b). A 45° [001] tilt grain boundary is form ed by m odifying 

the epitaxial condition on two different parts of the substrate. The substrate 

consists of a YSZ base followed by layers of C e02, PrBa2Cu307-d, SrTi03, 

MgO, C e0 2  (see table 2 for lattice m ismatch). The C e02  is then selectively 

spu ttered  away . The roles of these various layers in producing a 45° tilt grain 

boundary  are as follows. The relation between the C e02 and Y-Ba-Cu-O is such 

that Y-Ba-Cu-O[110] I I CeO2[100]. On SrTi03 the epitaxial relation is Y-Ba-Cu- 

0[100] I I SrTiO3[100], therefore the epitaxial grow th on the C e02  will be  rotated 

45° w ith  respect to the thin film orientation on the SrTi03. Some substrates 

have also been grow n where a final layer of C e02  or SrTi03 have been added as 

a buffer. The g rain  boundary  rem ains rotated since the epitaxial relation is 

CeO2[110]l ISrTiO3[100]. These junctions are lim ited in  the m isorientation 

angle (45° [001] tilt grain boundary) and by relatively low IcRn products. The 

advan tage  is th a t the technique can produce junctions in  any configuration
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(lim ited by  photolithographic capabilities). Since the bi-epitaxial junction is 

based on m ulti-layers it can be integrated into other multi-layer systems.

Sputter induced epitaxy is another technique developed to form 45° [001] 

grain boundary  junctions (Vuchic et al. 1995a; Vuchic et al. 1995b; Chew  et al. 

1992b). This technique will be described in detail in the body of this thesis and 

com pared in m ore detail w ith the other junctions mentioned above.

M ost recently junctions have been m ade using superconducting-norm al- 

superconducting step-edge structures (see figure 2.10) (Char et al. 1994). These 

junctions are no t based on grain boundaries, but on epitaxial YBa2Cu3 0 7 _x thin 

film s in terrup ted  by  1-10 nm  of a norm al material. The advantage of this 

technique over grain boundary junctions is the ability to control the junction 

tran sp o rt p roperties by m odifying the norm al m aterial, o r changing the 

thickness. H ow ever, there are m any m aterials issues in  form ing uniform  

junction  regions including chem ical com patibility, in terd iffusion , lattice 

param eter m atch and similar coefficients of thermal expansion. These issues are 

beyond the scope of this thesis and are described elsewhere (Olsson et al. 1993).

Each junction technique has its advantages for specific applications. For 

example the best SQUIDs are m ade from bicrystals since only two junctions in 

parallel are required. Bi-epitaxial junctions are good for m ulti-layer system s 

and  w here arrays of junctions are needed. The sputter-induced grain boundary 

junctions described later are trem endously simple to form and have potential as 

a junction technology. This w ork studies some of the im portant m icrostructural 

aspects of these junctions so that they can be better understood, and ultim ately 

controlled to the extent w here they can be developed for routine commercial

use.



Chapter III. Experimental Procedure

This chapter describes in detail the procedure used in  this study. The 

specific equipm ent used and developed for the experiments will be discussed. 

Finally there will be a description of the general techniques and methodologies 

developed to perform  the pre-sputter treatm ent for the sputter-induced grain 

b oundaries, the  cryogenic tran sp o rt m easu rem en ts and  the s truc tu ra l 

characterization.

111.1. Equipm ent

Several pieces of equipm ent were developed and used in  this research. 

These included a low voltage ion mill designed and built for both substrate pre­

treatm ents and  thin film patterning. A n electron backscatter detector was 

acquired for determ ination of local crystallographic information from thin film 

sam ples. Also a cryogenic four-probe m easurem ent system  was built to 

perform  a variety  of low tem perature m easurem ents o n  grain boundary  

junctions. This section describes the relevant aspects of the  aforem entioned 

equipm ent w ith respect to the experiments performed.

111.1.1. Low Voltage Ion Mill

A low voltage ion mill w as designed for tw o prim ary functions in  the 

experimental procedure. First, it was used to pre-irradiate MgO substrates prior 

to thin film grow th for the sputter-induced epitaxial junctions (the ion mill has

70
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also been used to form step-edges and for general sputtering  purposes). The 

ion source w as also used to pattern  thin films w ith m icrobridges for transport 

m easurem ents by  sputtering  the th in  film covered by m etal o r photoresist 

contact masks. The sputter-induced epitaxy process is based on the pre-sputter 

treatm ent in the ion mill, therefore the ion mill and cham ber will be described in 

detail.

Schematics of the ion source cham ber and the sam ple stage are show n in 

Figs. 3.1 and 3.2. The source is a Kaufman type Ion Tech M odel 3.0-1500-100 Ion 

Source, w hich uses a heated tungsten filament as a cathode to em it electrons. 

The m agnetic field from the pole pieces causes the electrons to have a long 

trajectory prio r to reaching the anode. These electrons ionize argon  gas that 

flows through the source creating positively charged ions. The ions are then 

accelerated th rough  the accelerator grids w ith a final energy betw een 50 eV to 

1000 eV. The accelerator grids are 3 cm  in diam eter and  are m ade from  

graphite . There is also a tungsten  neutralizer filam ent that is beyond the 

accelerator and  em its electrons to help collimate the  ion beam  (by providing 

negatively charged electrons to prevent repulsion betw een ions) and  prevents 

ion backstream ing tow ards the accelerator grids. A graphite aperture is also 

typically placed in front of the neutralizer to further collimate the beam. The 

beam  current density, usually approxim ately 1 m A /cm ^, is m easured using the 

cu rren t from  the sam ple stub, and the value varies w ith  the specific beam  

conditions.

The sam ple sits on a holder 4 inches from the accelerator grid  in a high 

vacuum  cham ber that is a 6-way cross w ith four 8-inch flanges and two 6-inch 

flanges. A  cryopum p w ith a pum ping speed of 660 liters/second  (for argon)
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and a throughput of 300 standard cubic centimeters (seem) of argon sits directly 

below  the cham ber on one of the 8-inch flanges. This pum p m aintains a base 

pressure of 5 x 10"^ Torr w ithout any gas flow, and  approxim ately 1-2 x 10*  ̂

Torr w ith 3 seem of argon gas flowing. Cryopum ps use helium  to cool a cold 

head to approximately 10-14 K. This m ethod allows for clean pum ping w ithout 

any contam ination from pum p oil (as is typical w ith  diffusion and roughing 

pum ps). The cryopum p can be isolated from the cham ber using a gate valve, 

providing straightforward sam ple exchange. A  hinged door allows the sample 

stub to be accessed and a small turbo pum p (backed by a small roughing pum p 

and isolated by a valve) evacuates the chamber to as low as 9 x 10"6 Torr before 

crossing over to the cryopum p. A therm ocouple gauge and an ion gauge are 

used to m easure the cham ber pressure at all times. This system  allows a turn 

around time as short as 15 m inutes betw een samples.

The stage assembly is supported by two rotary feedthroughs on opposite 

8 in. flanges (see figure 3.2). The stage allows 360° rotation about the normal 

axis of the stub, and 360° rotation about the axis of the rotary feedthrough (with 

the sam ple lying on the axis). A m otor drive is set up to rotate the stage about 

the stub  norm al a t approxim ately 10 rpm  (often used  to  prov ide uniform  

sputtering). A tantalum  shield is affixed to the stage and can be rotated to block 

the beam. This shield is used to protect the sam ple w hile beam  conditions are 

being set. Several different stages can be used depending  on the specific 

requirem ents including a standard  Gatan ion mill holder, bu t for the substrate 

pre-grow th sputtering and th in  film patterning, a copper block (modified to 

accom m odate various m asks) was used to act as a large therm al m ass to 

minimize beam  heating. The sam ple is typically affixed to the copper stub using
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silver pa in t to m axim ize therm al contact and conduction betw een the sam ple 

and stub. The sam ple stage is electrically isolated from the cham ber using 

insulating M acor pieces. The current from the sam ple can be read, and the 

sam ple m aintained at ground potential. The stage can also be connected to a 

liquid n itrogen cold finger for cooling to further reduce beam  heating. The 

details of the sputtering conditions for particular applications will be discussed 

later.

III.1.2. Electron Backscatter Detector

A n electron  backscatter detector w as used  to determ ine the  local 

crystallographic orientation of the th in  film YBa2Cu307_x samples. The basic 

principle of an  electron backscatter detector is to image inelastically scattered 

electrons w hich m eet a sim ple Bragg condition upon  leaving the sam ple (see 

figure 3.3). The inelastically scattered electrons form the equivalent of a point 

source in  the sam ple (with electrons scattered in all directions). Some of the 

. electrons are completely backscattered and are subsequently elastically scattered 

as they leave the sam ple (Venables et al. 1973; Dingley et al. 1990; Dingley 1991). 

These electrons therefore have crystallographic information from the crystal and 

form  Kikuchi patterns that describe the orientation of the grain. The Kikuchi 

patterns are im aged on a special phosphor screen that is particularly sensitive to 

the electron energies of these electrons (to elim inate noise). The phosphor 

screen is im aged by  a low -light CCD camera and then displayed on a video 

m onitor. The im age is typically integrated over 10 frames and an integrated 

background is subtracted from the image to improve the image quality.
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The spatial resolution of this technique is limited by  the probe size, beam 

spreading, and  sam ple quality. G rain sizes as small as 0.25 jim^ have been 

resolved in stainless steel, bu t m ore typically the sm allest detectable grains are 

on the o rder of O.S-lpm^. The technique is highly sensitive to any surface 

d isto rtion  or contam ination, b u t this w as no t a m ajor p rob lem  for the 

YBa2Cu307-x th in  films. The accelerating voltage w as 15 kV to insure 

sufficient signal. Due to the near surface sensitivity of the technique, the signal 

was always from the thin film, not the substrate.

III.1.3. Cryogenic T ransport M easurem ent System

A four probe low-tem perature direct transport system w as developed to 

perform  all the low -tem perature m easurem ents. The system  is based on a 

cryostat that uses flowing cold helium  gas from a liquid helium  reservoir to cool 

a copper cold finger. A  schematic of the Janis Research designed cryostat is 

show n in  figure 3.4 0 irm anus 1990). The cryostat consists of a copper cold 

finger stub w ith  10 leads (see figure 3.5). The leads are brought from  the 

feedthrough to the stage in tw isted pairs to cancel self inductance due  to the 

current transport along the wires. The cold finger is then surrounded  by a 

radiation shroud to prevent radiative heating. A n outer container is placed 

around the radiation shroud and a roughing pum p is used to pull vacuum  on 

the entire configuration. The vacuum  provides therm al insulation from the 

external environment.

The copper stage has two silicon diode therm om eters to m easure the 

tem perature at both ends of the stage. It was found that using a copper shield 

around the sam ple stage provided better thermal stability for the measurements.
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Type N  Apiezon grease w as used to connect the sam ple to the stage, because it 

has h igh  therm al conductivity and is electrically insulating. The sam ple w as 

placed on  the copper stub and the gold leads from the sam ple w ere soldered 

onto the pins. The advantage of a flow cryostat is that the tem perature can be 

cycled very easily unlike closed cycle systems. M easurements could be taken at 

a varie ty  of tem pera tu res w ith  excellent control. The low est lim it of the 

tem pera tu re , how ever, is 4.2 K (unlike closed cycle system s w hich can go 

lower). A nother draw back of the system  is that the sam ple sits in vacuum , not 

in  the helium  vapor. This means that the therm al conduction is done through 

the substrate, and not w ith  direct contact between the sam ple and the helium . 

Therefore at higher current biases, and  w ith poor therm al conducting substrates, 

evidence of heating due  to poor conduction can som etim es be observed. An 

exam ple of sam ple heating  is show n in figure 3.8. As the current b ias is 

increased, under sam ple heating conditions, the voltage drop across the sam ple 

increases w ith  time. Therefore the voltage value for a given current bias is 

higher on the w ay dow n (after the sam ple was sitting w ith a current for a longer 

period  of tim e) than  on the  w ay u p  and the sam ple displayed hysteretic 

behavior. A nother effect that is som etim es present is a slight tem perature 

gradient across the sam ple that creates a finite voltage. This offset voltage was 

left in  all the  I-V d a ta  (m any people  typically sub tract it ou t from  the 

m easurem ent), bu t rem oved from the R-T data to confirm superconductivity.

The configuration of the m easurem ent scheme is show n in figure 3.6. 

The fou r p robe technique is u sed  to rem ove contact resistance from  the 

m easurem ent by driv ing a current across two leads and m easuring the voltage 

drop  across two different leads (see figure 3.7). The voltage drop is a passive
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m easurem ent w ith  vanishingly small am ounts of current being draw n due  to 

the  h ig h  im pedance, so the  contact resistance is n o t m easu red . The 

m easurem ents perform ed in this system  include resistance vs. tem perature (R- 

T), current vs. voltage (I-V), I-V as a function of applied magnetic field, and I-V 

as a function of tem perature. Note that the m easurem ent is a current-biased 

technique w here the current is controlled and the voltage is m easured (voltage 

vs. current), therefore V-I should be used, but the standard nom enclature used 

by electrical engineers is I-V and will be used for consistency w ith the literature. 

A basic four-probe voltage m easurem ent is the basis of all the different 

m easurem ents, as will now be described in detail.

The entire  system  is com puter controlled through a M acintosh Plus 

com puter using a QuickBasic program  w e developed. After the appropriate  

param eters are p u t in the program , the tem perature of the system  is m easured 

using a  LakeShore 330 Tem perature Controller. The tem perature betw een the 

top and the bottom  of the copper stage m ust lie in a given DT from  the assigned 

tem perature. If the tem perature is not in this range, the controller waits until it 

cools to the given tem perature (this can be accelerated by regulating the helium  

flow to the system), or it heats the copper block if the tem perature is too low. 

Once the appropriate tem perature is attained, a current is driven  th rough  the 

system  using a Keithley 224 Program m able C urrent Source (w ith a m axim um  

o u tp u t of 100 mA). The current first passes through a 100 Ohm  standard  

resistor w ith a Keithley 197A Digital Voltmeter attached in parallel to m easure 

the voltage drop across the resistor. The m easured voltage across the standard 

resistor is a m ore accurate reading of the current than  the readou t on  the 

current source and is used as the "m easured current" (Im)- The current then



85
passes through the sample, and the voltage drop across each individual channel 

is m easured using  a Keithley 182 Sensitive Voltm eter th rough  a H ew lett- 

Packard 3495A Scanner, which scans the given channels. The information is all 

transferred through a Mac 488B Bus Controller and stored as an ASCII file. All 

of the electrical equipm ent is grounded to a common ground to prevent stray 

ground loops. For a standard I-V m easurement, the current starts a t zero and is 

incrementally decreased to the m inim um  voltage requested and then increased 

(through zero) to the m axim um  voltage and then dropped back to zero (this 

checks for hysteresis in the m easurem ent). There is also an option  in the 

p rogram  to use  d ifferen t cu rren t increm ents at various p o in ts  of the 

m easurement. This allows m ore detailed m easurem ent of specific areas of the 

curve.

There are m any perm utations of these m easurem ents depending on the 

specific conditions needed. Several variables can be altered to im prove the 

m easurem ent. For example, the w ait tim e betw een tu rn ing  on the current 

supply and taking a m easurem ent can be varied, either to stabilize the voltage 

reading, or to reduce the sam ple heating (by shortening the w ait time). The 

current can be turned off after the m easurem ent to allow any sam ple heating to 

dissipate prio r to the subsequent reading. Also the integration time for the 

voltage m easurem ent can be varied. Typically ten readings are averaged to get 

a m easurement, and a standard deviation is determined to verify that no major 

fluctuations occurred during the m easurem ent (eq. 3.1).

10

V = JeJ  (3.1)
n
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For the R-T m easurem ent it is necessary to rem ove any therm al voltages 

to verify superconductivity. This is done by m easuring a voltage drop w ith a 

positive current bias, then m easuring a voltage drop  w ith a negative current 

bias, subtracting the two values and dividing by two (eq. 3.2). Using this 

technique removes a therm al voltage from the m easurem ent, if one is present in 

the sample . The resistance is then determ ined by dividing the voltage w ith  the 

m easured current (eq. 3.3).

The resistivity can be calculated by equation 3.4,

where A is the cross-sectional area of the sam ple (defined in  this w ork by the 

microbridge dimensions), and L is the length of the m aterial betw een contacts. 

For the grain boundary junctions the intrinsic junction resistivity is particularly 

difficult to determ ine accurately due to the large variations in both the cross- 

sectional area (see discussion on m eandering) and due to the lack of a length 

scale along the boundary. However, the value from eq. 3.4 will be used in some 

specific instances w ith clearly stated assum ptions for the dimensions used.

V - V  y  = *+ - (3.2)
2

(3.3)
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The system  can be used for I-V m easurem ents in an applied magnetic 

field. The magnetic field is m easured in close proximity to the sample using a 

M agnos 1600 Gaussm eter. The strength  of the field is controlled w ith tw o 

different current sources, depending on the strength of field and the sensitivity 

required. The field can be varied from 0 to 5000 Gauss (0.5 Tesla) w ith a control 

of 0.02 Gauss up  to approxim ately 20 Gauss. The field can also be reversed to 

go negative.

One final comment is necessary w ith specific regard to measuring a grain 

boundary  junction. The junctions are extremely sensitive to both  magnetic 

fields and  radio-frequency (R-F) radiation, therefore special precautions are 

•necessary to insure valid m easurem ents. M u metal is used for measurements 

w ithou t a field to insure a zero-field environm ent (within 0.01 G). The r-f 

radiation can be screened out by using a screen room with a mesh size smaller 

than the radiation wavelength (1 mm^ m esh should be more than enough) and 

shielded cable. The system used has shielded cable, and an additional 100 Ohm 

resistor in series w ith every line that goes into the cryostat. This effectively 

increases the dam ping of the lines and prevents R-F interference.

III.2. Experim ental M ethod

The goal of this study is to correlate grain boundary transport properties 

to m icrostructural features of the junctions in bi-epitaxial and sputter-induced 

epitaxy junctions. The basic methodology was to first form grain boundaries in 

thin film YBa2Cu307-x samples. These grain boundaries were subsequently 

electrically  isolated for cryogenic tran sp o rt characterization. Then the 

boundaries were thinned to electron transparency for further m icrostructural
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characterization using  transm ission electron microscopy. This section details 

the procedures used in these experiments.

III.2.1. G rain B oundary Form ation

There are num erous types of grain  boundary  junctions that can be 

form ed in YBa2Cu307-x th in  films (see chapter II, YBa2Cu307_x Junctions). 

For this experim ent the grain boundaries needed to be relatively easy to m ake in 

different configurations. Single grain boundaries were also necessary to provide 

s tra ig h t  fo rw a rd  c o rre la tio n  b e tw een  the  tra n sp o rt p ro p erties  an d  

m icrostructure. These criteria eliminated both the step-edge junctions (with two 

grain boundaries and difficult to im age using transmission electron microscopy) 

and the bicrystal junction w hich only allows one grain boundary configuration. 

The tw o types of grain boundaries selected were the bi-epitaxial grain boundary 

junctions, and  a technique developed for this thesis called sputter-induced 

epitaxial junctions. The added  benefit of these junctions is that they are both 45° 

[001] tilt boundaries so they could be directly compared to each other in term s 

of transport and  m icrostructure, w ith the caveat that the different substrates and 

deposition techniques could affect grain boundary structure and properties.

A set o f grain  boundaries w ere m ade using a technique called sputter- 

induced epitaxy (see figure 3.9). The basic m ethod is to sputter a portion of a 

(100) M gO substrate  p rio r to  thin film  grow th using a low voltage argon ion 

beam  (described in section III. 1-1). Upon growth of the thin film, the thin film 

on  the pre-irradiated portion of the substrate grows w ith a 45° modified epitaxy 

about the [001] relative to the unsputtered  part of the substrate. This creates a 

45° [001] tilt grain boundary  at the point w here the two grains join. The details
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of the m odified epitaxy and specific conditions necessary to p roduce  g rain  

boundaries w ill be d iscussed  in the follow ing chap ter, b u t the  substra te  

patterning technique is described below.

Epitaxially polished (100) MgO bu lk  single crystals (w ith  nom inal 

dim ensions 1 cm x 1 cm x 0.5 mm) from Coatings and Crystals Technology 

(K ittaning, PA) are used. Due to the hygroscopic na tu re  of the  MgO, it is 

essential to keep the substrates in a dry  atm osphere (in a desiccant environm ent) 

to preven t hydroxide form ation on the crystal surface (a cloudy layer can be 

seen optically  w hen the hydroxide forms). The crystals are  often cleaved to 

sm aller dim ensions, or cu t to 3 m m  diam eter d isks (these sam ples can be 

directly prepared  for standard  TEM usage) using an ultrasonic disk cutter. A 

standard  contact photolithographic procedure is used to pa ttern  the substrates 

p rio r to ion irradiation. The sam ples are typically cleaned using  acetone and 

m ethanol. Shipley Type S-1813 positive photoresist is spun  onto the sam ple at 

3000 rpm  leaving a 1.25-1.5 pm  thick layer of photoresist on the entire substrate. 

The sam ple is then soft-baked at 80-100 °C for 20 m inutes. A chrom ium  m etal 

m ask w ith  several different configurations is then placed on top of the substrate 

w ith  the m etal coated side in direct contact w ith  the photoresist. The sam ple is 

then exposed to a m ercury lam p for the optim al exposure tim e (approxim ately 

25-30 seconds). Longer or shorter exposure times destroy the quality of the 

photoresist edge, which is crucial for a sharp delineation betw een the irradiated 

and unirradiated parts of the sam ple. The m ask is rem oved and the photoresist 

is developed for 20-30 seconds in M icroposit MF-319 developer and then rinsed 

in deionized water. The sam ple is then hard  baked at 120-130°C for 20 m inutes. 

The photolithography w as done in a regular lab u n der yellow  light w ithou t
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clean room facilities and 5 Jim parallel lines were readily achieved (courtesy of 

the Em erging M aterials G roup and Dr. David Steel). W ith higher quality 

equ ipm en t (e.g. be tter contro l of m ask placem ent and m ore uniform  

illumination) higher resolution lines could be produced.

The sam ples are then  irrad iated  in the low voltage ion mill. The 

substrates are attached to the copper stub using silver paint and then irradiated 

for the appropriate time (this will be detailed in the following chapter). The 

irrad iation  time for the substrates is typically less than 5 m inutes so beam 

heating has not been a major issue. After irradiation the photoresist is removed 

using acetone and  the sam ple is then  further cleaned w ith m ethanol. The 

sam ple is then placed in a dessicator and stored until the deposition is m ade 

(this tim e fram e has been on the order of m onths, which is im portan t to 

dem onstrate the independence of the technique on storage, of particular concern 

for MgO substrates). The th in  films were grow n by K.A. Dean, D.B. Buchholz 

and S. Duray, under the supervision of Professor R.P.H. Chang.

The first group of sam ples m ade using sputter induced epitaxy were 

sputtered w ith a physical m ask instead of photoresist. The m ask w as m ade of 

tantalum  or stainless steel and affixed to the stub using sm all screws. The 

problem  w ith these masks w as that it w as difficult to make direct contact at the 

m ask edge across the entire sample, and the edge was not very sharp or straight. 

As is discussed later, the sam ples using this masking technique did not m ake as 

reproducible high-quality junctions as the photoresist covered samples.

The grain boundaries w ere m ade in a variety  of configurations for 

different experiments. For basic transport measurements, 3 mm diam eter disks 

were patterned w ith one grain boundary bisecting the substrate. Other samples
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w ere m ade for TEM analysis using 5 pm  w ide parallel lines to allow  easy 

location of the grain boundaries. Several other experiments required different 

co n fig u ra tio n s in c lu d in g  20 pm  d iam ete r circles fo r m agneto -op tic  

m easurem ents and 100 pm  w ide parallel lines for noise measurements.

The second set of grain boundaries was grow n on bi-epitaxial substrates 

m ade by Conductus (see figure 3.10). The rotated epitaxy is controlled using a 

m ultilayer process to m odify the epitaxial relation in two regions of the thin 

film. M ore details of the layers and the specific orientation relations are 

discussed in section II. The bulk substrates used w ere either YSZ or LaAlC>3 

and then layers of Ce02/ PrBa2Cu307-d/ SrTi0 3 , MgO and C e02  are deposited. 

The final MgO and C e02  layers are between 100 and  200 A thick and are etched 

aw ay to produce the bi-epitaxial substrate. The substrates w ere m ade by 

C onductus using pulsed laser deposition and w ere patterned to form  parallel 

100 pm  grain  boundary junctions. This configuration was used to allow two 

grain boundary  junctions on the same sam ple to be m easured, and increase the 

probability of successfully perform ing TEM microstructural characterization.

III.2.2. T h in  Film G row th

The YBa2Cu307-x th in  film grow th was done using POMBE and pulsed 

laser deposition. For the pre-sputtered M gO substrates, only the POMBE 

technique has been used. After the pre-grow th  spu tter treatm ent and  the 

rem oval of the photoresist mask, the sam ple is placed on the sam ple m ount in 

the POMBE system using silver paint. The sam ple is then heated to the grow th 

tem pera tu re  (650-750°C depend ing  on the specific run) and  held  a t the 

tem pera tu re  in a m icrow ave assisted oxygen plasm a for approxim ately 30
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m inutes. This shou ld  clean the substra te  surface by  rem oving a possible 

contam ination layer and thus could be an  integral p a rt to reproducibly form ing 

the m odified epitaxy. The details o f the thin film grow th are in  section n.2-4.a. 

The actual depositions were done by D. Bruce Buchholz and  Ken A. Dean under 

the direction of Professor R.P.H. C hang at N orthw estern  University. The bi- 

epitaxial junctions w ere form ed using both the POMBE system  and pulsed laser 

deposition. The differences in the resulting grain boundaries will be discussed 

in chapter VI.

I1I.2.3. Grain Boundary Isolation

L o w rtem p era tu re  tra n s p o rt  m easu rem en ts  o f in d iv id u a l g ra in  

boundaries requ ire  electrical iso lation  of the b o u n d ary . The tran sp o rt 

characterization  also requires a defined cross-sectional area to determ ine 

various p roperties (e.g. Jc and  r). In o rder to achieve these criteria, a 

m icrobridge was designed to m easure four separate channels along a 400 pm 

long strip  w ith  a 35-40 pm  w ide crossection (see Figs. 3.11 and 3.12). The 

current is driven across the entire m icrobridge (it is a current-biased technique) 

an d  voltage drops are taken across the separate  channels (which can be 

connected in different ways across the grain boundaries). If one grain boundary 

is m easured it is placed across the central segm ent of the m icrobridge. A t room 

tem perature the voltage drop across the grain boundary  segm ent is the sum  of 

the voltage drop of the tw o grains and the grain boundary . As the sam ple 

becom es superconducting, the grains go superconducting  prior to the grain 

boundary, therefore the grain boundary  characteristics can be separated from
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Figure 3.11. An optical m icrograph of a patterned microbridge 
with 100 jfm spaced parallel bi-epitaxial grain boundary juncitons.



Figure 3.12. Secondary electron image of a 40 wide 
microbridge patterned into a YBCO thin film on MgO.
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the grains. The microbridge is also wide enough to make a  TEM sam ple of the 

grain boundary measured.

The m icrobridge p a tte rn  w as m ade from  a m olybdenum  m ask. 

M olybdenum  w as used because it has a low sputter yield, so contam ination 

from the m ask and m ask deterioration over multiple uses was minimized. The 

thin film sam ple is affixed to a copper stub using silver pain t for m axim um  

therm al contact, and then the m ask is placed on top using four 0-80 screws. It 

was always im portant to insure good contact between the m ask and the sample 

to avoid shadow ing effects. The sample was then milled in the low-voltage ion 

mill to sputter away the exposed regions of the thin film. The ion beam  was 

perpendicular to the sam ple surface to minim ize shadow ing effects, and the 

sam ple was cooled using a liquid nitrogen cold finger to avoid heating effects. 

Sample heating w as observed if the cold finger was not used, and this could 

destroy the superconducting properties of the thin film. The sputter conditions 

varied som ewhat depending on the filament age, but generally a beam voltage 

of 500 V w as used w ith  an approxim ate beam  current density of 1 m A /cm ^. 

The sp u tte r  rate  of the  YBCO th in  film  u n d e r these conditions w as 

approxim ately 100-125 A /m in ., so the duration of the sputtering was typically 

20-25 minutes.

After patterning the film, a second m ask (see figure 3.13) was used for 

silver evaporation for the contact pads. This m ask protected the central 

m icrobridge, and allowed evaporation on the contact pads (figure 3.14 is a 

sam ple with evaporated silver contact pads). Another system, with two electron 

beam evaporators and a large (8 cm diameter) ion source was used for the silver 

evaporation (designed and m aintained by Robert Erck). The exposed contact
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Figure 3.13. M ask design for silver evaporation of contact pads.
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Figure 3.14. An optical micrograph of a patterned YBCO thin film 
with evaporated silver contact pads (substrate diameter is 3 mm).
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pads were first sputtered for 15-30 seconds to remove the top layer of YBCO and 

any contam ination on the surface. Then 2000-3000 A of silver w ere evaporated. 

The sam ple w as then  rem oved and annealed in flow ing u ltra  h igh  pu rity  

oxygen at 450°C for 4 hours w ith a ram p up  of 60°C /hr and a furnace cool. The 

anneal m ade the silver adhere better to the film and m ade low resistance contact 

pads. Gold w ire leads were attached to the contact pads using silver paint. This 

w as a tedious process, requiring significant dexterity to place 10 leads on the 

edge of a 3 m m  disk w ithout touching each other, or getting silver pa in t on the 

m icrobridge (see figure 3.15). The gold leads, either 50 o r 100 pm  in diam eter, 

w ere straightened and  placed in direct contact w ith the silver on the pad . The 

lead was then touched by  a very sm all am ount of silver pa in t to affix it to the 

thin film, followed by a slightly larger drop of silver pa in t to cover the entire 

w ire on the pad. .The sam ple was then placed into the cryostat after the silver 

pa in t was dried, and  the contacts w ere checked for electrical shorts. The leads 

w ere then attached to the pins using Indium  solder.

III.2.4. Low T em perature T ransport M easurem ents

All sam ples w ere  first m easured at room  tem perature to determ ine the 

room  tem perature resistance, and to insure that all the contacts w ere isolated 

from  each other. The room  tem perature  resistance w as used  as a test on 

subsequent days to verify that the sam ple had  not changed due  to therm al 

cycling. The sam ple w as slowly cooled in zero field, while m easuring resistance 

to establish approxim ately the value of Tc. Careful R-T m easurem ents w ere 

perform ed, usually  starting  at low  tem perature and increasing (because of 

better tem perature control). Reproducible R-T m easurem ents were m ade w ith
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tem perature resolution of 0.1 K, bu t typically 0.25 K increm ents w ere used. The 

constant current in the m easurem ent essentially controlled the sensitivity to the 

resistance. Usually 1 jiA w as used, b u t occasionally other values w ere used to 

determ ine the sensitivity to this param eter. Some R-T m easurem ents were also 

m ade under applied m agnetic field to decrease the transition tem perature and 

observe the transition.

Current-voltage m easurem ents were taken as a function of tem perature 

to determ ine the critical current density of the grain boundary. A 1 pV criterion 

w as used to determ ine the critical current. These values w ere used to com pare 

to the predicted values of S-N-S and S-I-S junctions. The grain critical current 

density  w as usually  no t determ ined because very  high  curren t values w ere 

necessary and this could destroy the grain boundary  (due to resistive heating 

above the critical current).

A m ethod w as devised to determ ine the critical current as a function of 

applied magnetic field. This w as done by biasing the sam ple w ith a current just 

below  the m axim um  critical current value w ith a constant current. The voltage 

d rop  across the grain  boundary  w as then m easured as the  applied m agnetic 

field changed. The voltage m easurem ent was therefore inversely proportional 

to the  critical cu rren t (as the critical cu rren t value decreased, the  voltage 

increased for a constant current bias). This m easurem ent w as typically taken at 

d ifferen t tem pera tu res (to see the effect of the change in the  Josephson  

penetration depth). The magnetic field w as always applied perpendicular to the 

th in  film surface, except in one case w hich is described in  the chapter on the 

results of the m ulti-layer sputter induced grain boundary.



Figure 3.15. Secondary electron micrograph of patterned microbridge 
on a YBCO thin film with 10 gold wire leads attached.
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A series of low-frequency voltage noise m easurem ents (0.03-200 Hz) 

were perform ed, by  Li Liu at the University of Chicago Physics D epartm ent, on 

a set of the bi-epitaxial junctions in  a tem perature range of 2-300 K. The 

m icrobridge pattern  described previously was used in a 5- probe a.c. technique. 

Two grain  boundaries in the sample m ade two arm s of a W heatstone bridge. 

The sam ples w ere biased w ith  current densities from 10^-10^ A /cm ^  so the 

grain  boundaries w ere in  the norm al-state, and to ensure no resistive heating 

occurred. The details of the experiment are described elsewhere (Liu et al. 1995).

1II.2.5. Grain boundary TEM Sample Preparation

In order to observe the same grain boundary  that w as m easured w ith 

m inim al dam age to the sam ple, a technique w as developed to produce an 

electron transparent region a t the position of the grain boundary. YBCO is very 

sensitive  to w a te r and  acetone, w hich have been show n  to destroy  

superconducting properties. Therefore, in every step of this process both w ater 

and  acetone w ere elim inated from the procedure to minimize m odification of 

the boundary  characteristics. The first step in  the procedure is to place the 

sam ple film side dow n on a glass slide (using a low m elting point wax, Tm  -  

100°C) and grind the 0.5-0.75 mm thick substrate to 110-130 pm  thick using a 15 

(im grit diam ond em bedded polishing wheel. The sam ple is then rem oved and 

placed o n  a sapphire disk used  as the stage for a VCR dim pler. A flattening 

w heel and 3 Jim paste are used to flatten the sample (in case of uneven grinding) 

and to  identify w here the center of rotation (and locate where the dim ple will 

form). If the center is not above the grain boundary (this is determ ined using a 

transm ission light optical microscope), the sample is moved to compensate. The
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last two steps are perform ed iteratively until the grain boundary is successfully 

located at the center of the dimple. This step is crucial in  carefully locating the 

point of perforation adjacent to the grain boundary.

There are  a couple of precau tions necessary  to ensure  successful 

d im pling  of the sam ple. First all the  pastes are com bined w ith oil-based 

solutions to avoid w ater contamination. Sufficient wax is used to prevent any of 

the paste/so lu tion  from contacting the film, but no bubbles can be formed in the 

w ax (or the sam ple can crack during the process). Also the dim pling wheels 

m ust be sm ooth to prevent non-uniform  dim pling. D im pling wheels from  the 

m anufacturer typically are uneven and are sm oothed using a polishing wheel.

The dim ple is then formed in the substrate, using  3 pm  diam ond paste 

and 15 g of force at low speed, until the total sam ple thickness is approximately 

30 pm  as m easured optically. A final polish using a felt covered wheel is done 

using  1 pm  diam ond paste until all visible scratches are removed. The final 

thickness is about 25-30 pm , and it is critical tha t all the scratches are removed 

for even ion milling. A m olybdenum  ring  is affixed to the film side of the 

sam ple using M -bond epoxy. This ring provides structural support for the 

sam ple, prevents the sam ple center from  direct contact w ith a surface and gives 

good electrical contact to the film. The sam ple is then  placed in  a low- 

tem perature ion mill holder. The sam ple is milled from  the back side, and the 

th in  film side is covered using a glass cover slide to preven t contam ination 

during  milling. The sam ple is cooled using liquid nitrogen for 30 m inutes prior 

to milling and then 4 kV argon ions w ith  a total beam  current of 0.25-0.5 mA are 

used w ith an incident angle of 17-18°. As the sam ple approaches perforation 

(this can be determ ined using  a m onochrom atic sodium  light source and



Figure 3.16. A n optical m icrograph of a TEM sam ple using 
monochrom atic sodium  light. The thickness fringes are 
due to interference contrast from the top and bottom  sample 
surfaces. The m icrobridge w idth  is 40 fim.



Figure 3.17. An optical micrograph, using monochromatic light, 
showing perforation of a TEM sam ple at the microbridge.
The microbridge w idth is 40 ^m.
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observing the fringe num ber and spacing (see Figs. 3.16 and 3.17), the incident 

angle is dropped to 12°. Figure 3.16 has large interference fringe spacings using 

monochromatic light, where the sample is about to form a hole, and figure 3.17 

shows the hole formed. After perforation a final mill is done from both sides at 

2.5 kV for a 5 minutes. The ion milling is in a Gatan duo-mill with a diffusion 

pum p until near perforation. The final mill is performed in a turbo-pum ped ion 

mill for cleanliness. The sample is then observed in the TEM and potentially 

milled further as is necessary.

III.2.6. Electron M icroscopy

Conventional bright field and dark field techniques were used to analyze 

the grain boundary  structure. The grain boundaries were identified using 

standard  electron diffraction. Dark field imaging was used to highlight the 

grain  boundary  pa th  (which typically m eandered significantly) and  any 

precipitates located at the boundary. The sam ples were analyzed using 

standard  plan view imaging. Both a Phillips EM 420 and CM30 were used at 

100 kV to m inim ize beam  dam age and oxygen loss in the sample. Energy 

dispersive x-ray spectroscopy was used to identify precipitates in the film.

H igh resolution electron microscopy (HREM) was perform ed to study 

the detailed atomic structure at the grain boundary. The grains on either side of 

the boundary were [001] oriented it was possible to image both simultaneously 

w ith good resolution. It is important to note that variations in the film thickness 

(from thinning) and damage during the milling process would alter the local 

image conditions. A JEOL 4000 EXE was used at 200 kV (to minimize beam 

dam age and m aintain sufficient resolution). The effect of the electron beam on
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the sam ple has been dem onstrated by different groups (Rickards et al. 1989; 

M cKeman et al. 1992). A t 400 kV accelerating voltage there is significant 

d isordering of the grain boundary structure after 10 m inutes, which does not 

occur at 200 kV. In the sam ples analyzed for this study, beam  dam age was 

apparent after extended periods of exposure (> 1 hour), however, the dam age 

w as uniform  across the sample, and did not appear to preferentially m odify the 

boundary  structure. Through focal series of grain  boundaries w ere used to 

m atch image simulations. HREM image sim ulations of the grain boundary  were 

m ade using NUMIS software at N orthw estern University.

H igh resolution analytical electron m icroscopy w as used on som e grain 

boundaries for compositional analysis. The microscope w as a Hitachi HF-2000 

w ith  a cold field emission gun for high brightness and a small probe size (1 nm). 

EDS and PEELS analysis was perform ed w ith a Link EDS unit and a G atan 666 

PEELS detector. Im age-coupling m ode w as used  by form ing a diffraction 

pa ttern  on  the image screen to acquire the spectrum . More details w ill be 

described w ith the data in chapter IV.



Chapter IV. Sputter-Induced Epitaxy

M any different types of grain boundary  junctions in high-Tc m aterials 

have been developed to utilize the Josephson-like properties in microelectronic 

devices. The junctions were m ade using num erous techniques to m odify the 

epitaxial condition betw een the th in  film and the substrate as m entioned in 

H.2.4. This chapter describes the developm ent and study of a m ethod that we 

call sputter-induced epitaxy, that is used to form 45° grain boundary junctions 

on MgO substrates (see figure 4.1) (Chew et al. 1992b; Vuchic et al. 1995a; Vuchic 

et al. 1995b). The first half of this chapter details the conditions necessary to 

achieve m odified epitaxy on MgO, and experim ental results s tudy ing  the 

potential reasons for the m odified epitaxy. The second half describes the 

structure-property  relationship of the grain  boundary  junctions using  low- 

tem perature electrical transport m easurem ents and structural characterization 

methods.

1V.1. Form ation of Sputter Induced Epitaxy G rain  Boundaries

IV.1.2. Thin Film Junctions on  M gO

MgO has been com m only used as a substrate for YBCO thin films for 

severa l reasons in c lu d in g  favorab le  d ie lec tric  p roperties , m in im ized  

interdiffusion w ith the YBCO film, cost and reasonable lattice m atch. Thin films 

w ith  high epitaxial quality and excellent transport properties w ere form ed on 

MgO by several groups (see section II.3.2.). M ore recently several types of 

junctions have been m ade specifically using  M gO substrates, including
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bicrystal,(Lu et al. 1993) bi-epitaxial,(IJsselsteijn et a l  1993) focused ion  beam  

(FIB),(Neumann et al. 1993a; N eum ann et al. 1993b) step-edge,(Edw ards et al. 

1992) and directional ion beam etching (Ramos et al. 1993). The advantages and 

d isadvan tages of the bi-epitaxial, bicrystal and  step edge junctions w ere 

m entioned earlier in section II.4. FIB and directional ion beam  etching w ere 

developed using different ion beam  processes on M gO substrates and w ill be 

detailed here.

Both FIB and directional ion beam etching em ploy two junctions in series 

to create a w eak link (see figures lc-d). The FIB technique uses a 30 keV Ga+ ion 

beam , 50 run in diam eter, in two ways to form junctions (Neum ann et a l 1993a; 

N eum ann et a l  1993b). In the first m ethod low  doses of Ga+ are im plan ted  

locally a t the  substrate surface, and subsequently diffuse into the deposited  

YBCO film  and form a weak-link region. The second m ethod uses the focused 

ion  beam  to  e tch  a groove in  the substra te . The th in  film  then  g row s 

polycrystalline in this region, forming a weak link. The FIB techniques depend 

on  at least tw o interfaces (either uncontrolled grain boundaries or diffusion 

barriers) to  form  the w eak links, reducing the reproducibility of the  process 

(analogous to the step edge w ith two grain boundaries in  series).

The directionally ion beam  etched MgO substrates have two 45° grain  

boundaries in series to form a weak link (Ramos et a l 1993; Olsson 1994). This 

technique em ploys a 300 eV Ar ion beam  at a 30° angle of incidence to etch a 

(100) M gO substrate. The resulting film forms a 45° rotated grain (about [001]) 

in the step region adjacent to w here the m ask w as placed. The reason for this 

rotation w as ultim ately determ ined to be the sputtering of the photoresist m ask 

onto the substrate  (Olsson 1994). The junctions show  significant scatter in  the
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critical current densities on the same chip and from  chip to chip. This effect is 

due to the formation of two grain boundaries in series, m aking reproducibility a 

significant issue. Note that sputter-induced epitaxy is completely different from  

the directional ion beam  etching in that it induces a m odified epitaxy across the 

entire pre-sputtered region. The directional ion beam  etching only produces a 

rotated grain in the imm ediate vicinity of the mask using a completely different 

m echanism  than the sputter-induced epitaxy (see RBS results below). It should 

also be noted that studies have show n that on vicinal M gO w ith small m iscut 

angles, YBCO films grow w ith [001] parallel to the substrate norm al, and no t 

M gO [001] (Norton et al. 1994). This type of epitaxy is term ed graphoepitaxy 

and has been seen in other m aterials systems as well (Norton et al. 1994). The 

im plication of graphoepitaxy is that on  a shallow step edge, the film will form  

[100] tilt grain boundaries a t the top and bottom  of the step. The YBCO will 

grow  w ith  the c-axis perpendicular to the substrate surface along the step edge 

betw een the boundaries.

IV.1.2. Sputter Induced Epitaxy Junctions

Sputter induced epitaxy is a technique developed to m odify the epitaxial 

relationship betw een a YBCO thin film and a MgO substrate. By controlling 

this relationship, grain boundaries can be formed in predeterm ined areas of the 

substra te  to m ake high  quality  g rain  boundary  junctions. As d iscussed  

previously (see section II.3.2), YBCO thin films can grow w ith different epitaxial 

re la tions relative to the MgO. The m ost com m on epitax ial o rien ta tion  

relationship observed is YBa2Cu307-x [001] I I M gO [001] and YBa2Cu307-x
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Figure 4.1a. Pre-growth spu tter treatm ent for sputter-induced epitaxy samples.
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Figure. 4.1b. Schem atic of YBCO th in  film  o rien tation  after deposition .
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argon ions

30° incident angle
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Both sputtered and unsputtered  regions grow  cube-on-cube

(100) YBCO(100) YBCO

(110) YBCO(110) YBCO

Plan view  after YBCO deposition

45° rotated epitaxy in im m ediate vicinity of m ask edge

Figure 4.1c. Directional ion beam etching forms a narrow  region of modified 
epitaxy due to contam ination from redeposition of the photoresist mask.
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Focussed 30 keV Ga ion beam

(100) MgO

Template
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D am aged region or im planted w ith  gallium
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(110) YBCO(110) YBCO

Plan view  after YBCO deposition

Localized polycrystalline 
or gallium contaminated region

Figure 4.1c. Schematic diagram  of focused ion beam technique that uses 
m edium  energy gallium  ions to create a narrow  dam aged region in the 
substrate. The YBCO film is subsequently either polycrystalline in the region 
or contaminated w ith diffused gallium.
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[110] I I MgO [110], otherwise referred to as cube-on-cube orientation. Another 

type of orientation relation often seen is YBa2Cu307-x [001] I I MgO [001] and 

YBa2Cu307-x [100] I I MgO [110] w here the YBCO unit cell is rotated 45° about 

[001] relative to the cube-on-cube scenario. The 45° misorientation forms due to 

a low lattice m ism atch in that configuration (only 2.8%), m aking it a favorable 

secondary orientation. This second type of orientation w ill be referred to as 

m odified epitaxy throughout the text. Recently groups have grow n single 

crystal epitaxial YBCO thin films on MgO w ith the cube-on-cube orientation (see 

section II.2.4 and Dean et a/.(D ean et al. subm itted)). Previous w ork has 

suggested that under suitable conditions, ion beam  modification of the substrate 

could induce a m odified epitaxy,(Chew et al. 1992b) how ever this result was not 

reproduced due  to variations in the grow th conditions and cham bers (Chew 

1992a).

This w ork  dem onstrates a technique developed to control the epitaxial 

relationship betw een a YBCO thin film and a MgO substrate using a simple pre­

grow th substrate treatm ent. A commercially acquired (100) MgO substrate is 

partially covered w ith  a physical mask (either hard  baked photoresist or a metal 

contact mask) and then irradiated w ith low-voltage argon ions prior to growth 

(see chapter III. for m ore experim ental details). After irrad iation  at room 

tem pera tu re  for m ore than  2 m inu tes w ith  a beam  cu rren t density  of 

approxim ately 1 m A /cm ^, the sam ple is rem oved from the ion m ill and the 

m ask is taken off of the sample. A th in  film of YBCO, usually  2000 - 3000 A 

thick, is deposited on both the pre-sputtered and  unsputtered  regions of the 

substrate using POMBE. The resultant epitaxial relationship of the film to the 

substrate  is cube-on-cube on the unspu ttered  region of the substrate, and
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rotated by 45° about [001] on the presputtered region. Therefore, a 45° [001] tilt 

grain boundary  is form ed w here the tw o grains meet. The rotation in the thin 

film occurred consistently using various ion beam energies, incident angles and 

irradiation times as described in the following section.

Sputter-induced epitaxy offers several distinct advantages over other 

junction techniques. The technique is extremely simple in  im plem entation and 

uses current technology that is easily scalable. All of the other current junction 

technologies require m ore complex processing steps (except step-edge junctions, 

w hich are currently  pursued  for their simplicity). Industry  uses both OMCVD 

grow th  system s and low voltage ion beam s (the basic equipm ent necessary for 

sp u tte r-in d u ced  epitaxy) on  a large scale for sem iconductor technology. 

Therefore im plem entation and scale-up of this technology w ould be relatively 

straightforw ard.

The junctions can be form ed in virtually any configuration, currently only 

lim ited by the resolution of the mask. This is im portant for use in multi-device 

applications w here  junctions need  to  be form ed in num erous geom etries. 

U ltim ately g rain  g row th  could be the lim iting factor if sufficiently sm all size 

features can be patterned  onto the substrate (e.g. using a focused ion source). 

Since the junction is based on  a single grain  boundary  as opposed to m ultiple 

grain  boundaries form ed w ith  step-edges and o ther m ethods, the transport 

properties are in  principle m ore reproducible. The technique is planar, allowing 

vias and crossovers to be m ade w ithou t the  problem  of steps in the substrate. 

Also the grains are deposited on M gO across the entire substrate, so the grains 

have sim ilar properties. In com parison, bi-epitaxial junctions are form ed on 

different substrate m aterials and the grains can have very different properties
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(see chapter VI). O ther advantages will be  discussed as the experimental da ta  is 

presented.

There are  tw o m ajor d isadvantages of spu tter-induced  epitaxy, the  

current lim itation of using only a 45° misorientation geometry and having to use 

bu lk  MgO substrates. The 45° m isorientation limits the ultimate critical current 

that can be  passed through the sample. The relevance of the 45° m isorientation 

on the  tran sp o rt .d a ta  w ill be  d iscussed  in  the follow ing sections. The 

d isadvantage of only using  bu lk  M gO substrates can be circum vented using  

m ultilayers, w hich are discussed in chapter V.

IV.1.2.1. Pre-grow th S pu tter C onditions

IV.1.2.1.1. M asking T echniques

The basic p re-spu tter conditions that were initially attem pted to achieve 

the rotation w ere 300 eV argon ions at norm al incidence to the substrate. The 

beam  current density w as approxim ately 1 m A /cm ^ during  the irradiation. A 

tantalum  m etal m ask covered p a rt of the substrate, w hich was m ounted w ith  

good therm al contact to a copper stub using  silver paint. The irradiation was 

done at room  tem perature w ith m inim al beam  heating due to short irradiation 

tim es (typically 3 m inutes). An optical image and a SEM micrograph of som e of 

the first sam ples are represented in figure 4.2.

The sam ples w ere examined using EBSP to quickly and non-destructively 

determ ine the crystallographic orientation of the thin film. The first sam ples 

m ade w ith  the m etal m ask had  a m odified epitaxy across the en tire  p re­

sputtered  region, except for an "interface" region that was polycrystalline. Such 

polycrystalline regions do not allow  for sim ple isolation of an individual grain
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boundary  and lead to non-reproducible weak-link type behavior (see section 

IV.2.2). Therefore several modifications were necessary to develop high-quality 

grain  boundaries, by controlling the interface region betw een the adjacent 

grains.

In order to improve the sample to form only one grain boundary, it was 

realized that the proxim ity of the m ask to the substrate w as im portant in 

determ in ing  the size of the polycrystalline region. The location of the 

polycrystalline region on the first sputter-induced epitaxy samples was found to 

correspond to regions along the edge of the mask that were no t in direct contact 

w ith  the substrate. Furthermore, the w idth of the polycrystalline region was 

larger the farther the mask was from the substrate during irradiation (see figure 

4.2a). There are two possibilities for this effect. First, the m ask w ould only 

partially  shield the beam so some regions w ould receive a lower ion density 

bom bardm ent, w hich creates a polycrystalline region. Second, the m ask 

material could be sputtered and contaminate the.substrate surface and affect the 

film growth. The inherent problem w ith the metal masks w as that they could 

not be held in direct contact w ith the substrate across the entire length of the 

sam ple. Therefore, hard  baked photoresist was used to form  a m ask that 

covered the desired regions, and was in direct contact w ith the substrate.

The sam ples m ade using the photoresist form ed one grain boundary 

junction. The grain boundary was often indistinguishable from the film (see 

figure 4.2b), and could only be detected using EBSP diffraction (see IV.3.1). The 

photoresist is a standard patterning procedure, further simplifying the process 

of m aking the junctions. The added advantage of the photoresist is the easy 

ability to form junctions in a w ide variety of geometries w ith relatively small
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Figure 4.2a. A secondary electron micrograph of a sputter-induced 
epitaxy grain boundary junction with a polycrystalline "interface" region.

119



Figure 4.2b. An optical image of a high quality sputter-induced 
grain boundary junction. The junction is centered in  the 3 mm 
diameter disk, and is barely discernible.
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spacings (on the  o rder of m icrons). All the  subsequent junctions w ere then 

m ade using photoresist masks.

IV.1.2.1.2. Sputtering Conditions

N um erous processes occur du ring  low  voltage ion bom bardm ent of the 

surface (see C hapter II.). O f these, w e consider three possible m echanism s for 

sputter-induced epitaxy, that are based on the  effect of ion beam  modification of 

the substrate and the im plantation of ions. Firstly, the ions could be dam aging 

the surface in such a w ay  to create m ore favorable nucleation sites for the 

m odified epitaxy. Potentially, the uniform  exposing of specific facets due to 

spu ttering  could establish a m ore stable environm ent for a secondary epitaxial 

condition. The surface dam age could also destroy step sites that are favorable 

for nucleation of the cube-on-cube orientation (Traeholt et a l 1994a; N orton et al. 

1991; N orton  et al. 1992). The surface could even be am orphized in the process^ 

Second, the ions could be m odifying the surface structure through implantation. 

The im plan ted  ions could, d isto rt the  surface lattice param eter, m aking a 

secondary orientation very favorable due to a closer lattice match. Im plantation 

could also form  a specific type of surface dam age that serves as a nucleation site 

for th e  m odified  epitaxy. T hird , there could be a chem ical effect of the 

im planted ions.

The possibility of chemical effects is discounted due to the inert gas that 

is used. A rgon is used extensively in thin film processing and  has not been 

seen to have a chemical effect in other system s (Baglin 1994). The role of surface 

dam age versus ion im plantation w as stud ied  by varying the conditions of the 

spu tter and analyzing the results. Atomic force m icroscopy (AFM) was used to 

determ ine the type of dam age done on  the surface. The role of im plantation
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was studied using Rutherford Backscattering Spectroscopy (RBS) on substrates 

prepared using different pretreatments.

To gain a better understanding  of the mechanism  for the m odified 

epitaxy, a variety of conditions were used to test the range available in the 

param eters of the pre-sputter treatment. The first test was simply w hether or 

not modified epitaxy resulted on the pre-sputtered substrate region. Then, a set 

of samples was m ade using these conditions w ithout depositing a film, and they 

were analyzed w ith RBS to gain insight into the surface chemistry of the MgO 

prior to deposition (see section IV. 1.3).

A standard was adopted to confirm the rotation during specific grow th 

runs. The conditions for the standard  were 250 eV argon ions at norm al 

incidence w ith  approximately 1 m A /cm 2 beam current for 3 m inutes. These 

values consistently resulted in the modified epitaxy and were therefore used as 

a comparison value for other pre-sputter treatments.

There are m any param eters in this process that could be explored. The 

three major variables that were investigated are incident ion beam energy, angle 

of ion incidence (relative to the substrate surface) and duration of sputter. Table 

4.1 has a list of the various param eters attem pted and w hether the technique 

successfully produced a modified epitaxy.

The first set of experiments analyzed were the variation of the incident 

ion energy. The pre-growth sputter treatment caused a modified epitaxy for all 

incident ion energies for 100 eV and higher. At 50 eV some regions of the pre­

sputtered substrate had a modified epitaxy, but other areas did not rotate. The 

growth run  for the 50 eV sample, however, did not provide high quality films so 

it is still unclear whether the technique would work at this ion energy. The
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Substrate
Material

Incident Ion 
Energy (eV)

A ngle of Ion 
Incidence

Duration of 
Sputter

Modified 
Epitaxy (Y/N)

Standard
(100) MgO 250 90° 3 min. Y
Varying incident ion energy
(100) MgO 50

OOo\j 3 min. Partial

(100) MgO 100 90° 3 min. Y

(100) MgO 200 90° 3 min. Y

(100) MgO 250 90° 3 min. Y

(100) MgO 300 90° 3 min. Y

(100) MgO 400 90° 3 min. Y

(100) MgO 500 90° 3 min. Y
Varying angle of incidence
(100) MgO 250 90° 3 min. Y

(100) MgO 250 75° 3 min. Y
(100) MgO 250 ON o o 3 min. Y

(100) MgO 250 45° 3 min. N

(100) MgO 250 30° 3 min. N

(100) MgO 250 10° 3 min. N
Varying irradiation time
(100) MgO 300 90° 1 min. N

(100) MgO 300 90° 2 min.
(100) MgO 300 90° 3 min. Y

(100) MgO 300 90° 4 min. Y
(100) MgO 300 90° 5 min. Y
(100) MgO 300 90° 6 min. Y

(100) MgO 300 90° 9 min. Y
(100) MgO 300 90° 12 min. Y

Table 4.1. Results of YBCO thin film growth for different pre-sputter conditions.
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advantages of lower beam  energies is that the dam age on the substrate can be 

m inimized, as well as any step heights between the two grains. There m ust be a 

threshold energy to induce the modified epitaxy, and it is clear that the energy is 

below 100 eV.

The angle of ion incidence w as varied to see the role of im plantation vs. 

other surface damage. As the angle of the incident beam is decreased, there will 

be significantly less ion im plantation, but increased sputtering of the surface, 

indicating w hich process is m ore significant (see figure 2.5b). Also if there is a 

preferred angle for which the rotation occurs, the role of preferential faceting 

could be determ ined. The modified epitaxy occurred for all incident angles 

greater than  45°. These results are correlated w ith  RBS data  on irradiated 

substrates to better understand the mechanism causing the m odified epitaxy, 

and will be detailed in the following section.

The duration of the pre-sputter, which is proportional to the total num ber 

of ions for a constant current density, was also varied from 1 to 12 minutes. T he . 

m odified epitaxy occurred for all times two m inutes or greater. There is a 

threshold num ber of ions needed to induce the rotation. The total num ber of 

ions for a l  m A /cm ^ beam for 2 minutes is 7.5 x 1 0 ^  ions/cm ^ can be used as 

an approxim ation of the num ber of ions necessary. As w ith  the lower ion 

energies, m inim ization of the duration of the pre-sputter will decrease the step 

height form ed in  the MgO, which is better for m ultilayer processing. As a 

general com m ent, the pre-sputter treatm ent is relatively robust to varying 

conditions, and the process is done in a separate cham ber from  the grow th 

cham ber indicating that it is not affected by the in term itten t exposure to
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Substrate
Material

Incident Ion 
Energy (eV)

A ngle of Ion 
Incidence

Duration of 
Sputter

Modified 
Epitaxy (Y/N)

Different substrates
(100) MgO 100-500 60°-90° >2 min. Y

(100) SrTi0 3 500 90° 5 min. N

(100) LaAlOs 500 90° 5 min. N
(100) YSZ 500 90° 5 min. N
(100) Si 500 90° 5 min. N

(1120) AI2O3 500 90° 5 min. N
(110) MgO 500 90° 5 min. N

(100) NiO 250 90° 3 min. NA
(100) M gO / 
(100) LaAl03

250 90° 3 min. Y
(see Ch. V.)

Table 4.2. D ifferent substra tes a ttem pted  for spu tter-induced  ep itaxy -
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atm osphere (predominantly in desiccant) or by the am ount of time between the 

irradiation and the growth.

The pre-sputter treatm ent was tried on num erous substrate materials to 

see if the m odified epitaxy occurred. Table 4.2 has the results from these 

experim ents showing that the technique did not produce a modified epitaxy on 

any other substrate m aterial except for multilayers. The multilayers will be 

discussed in the next chapter. N iO  and M g2Ti04 w ere identified as two 

substrates that could potentially w ork due to the similar lattice param eter and 

crystal structure to MgO, bu t have not yet been tried.

IV.1.3. Rutherford Backscattering Spectrom etry 

IV.1.3.1. Background

A group of substrates w ere analyzed using RBS to probe the surface 

chem istry (with a 40 A depth  resolution). RBS uses a beam  of monoenergetic 

and highly collimated alpha particles (^He nuclei) to probe the sample (for more 

details see Chu et a l{Chu et a l 1978)). Some of the particles are backscattered 

due  to close interaction w ith the nucleus of an atom and the strong Coulombic 

force involved. These backscattered particles are counted by  a detector that also 

measures, the energy loss. The understanding of the spectra is based on elastic 

collisions betw een two hard  spheres and the energy loss during the process. 

H elium  is a light element, which will therefore be sensitive to heavier masses. 

In  order to determ ine the energy of the backscattered particle after the collision, 

a kinematic factor, K, is used. The kinematic factor is the ratio of the projectile 

energy after the collision to the energy prior to the collision, and depends on the 

scattering angle, and the atomic masses of the incident particle and the target
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atom. From the energy loss of the detected particle and the mass of the target, 

the depth  into the sam ple of the detected mass can also be determ ined. The 

depth  profile is determ ined by  the additional loss of energy as the alpha particle 

travels through  a dense m edium . Therefore this technique can be used  to 

determ ine the mass and depth  of elements in the sample w ith great sensitivity 

(note that due  to the dependence of the kinem atic factor on m ass, heavier 

elements are significantly easier to detect than lighter elements).

Several (100) MgO sam ples were prepared w ith  a  variety of substrate 

pre-treatm ents and  analyzed w ith  RBS to determ ine the  chem istry of the 

sam ple surface region. The experimental configuration w as identical for all the 

runs. The beam  incident on the sample was a highly collimated beam  of 1.6 

MeV ^He particles. The sam ple was tilted 10° off the sam ple norm al and away 

from the detector to avoid channeling conditions that decrease depth resolution, 

and increase the detector counts. The detector was at a 45° angle to the sample. 

The energy loss of the particles w as calibrated w ith a Cu-l% Au standard and an 

Al standard. The counts w ere norm alized to 100,000 for channels 451-500 for 

the Mg peak. The actual m easurem ents w ere perform ed by Pete Baldo at 

Argonne National Laboratory.

IV.1.3.2. RBS on Pre-Sputtered Substrates 

IV.1.3.2.1. Standard Pre-Sputter Conditions

A RBS spectrum  of a MgO substrate sputtered for 3 m inutes at 250 eV 

(90° incident angle) is show n in figures 4.3a-b. Two large edges are due to the 

M g and O that are present in  the bulk, but if the higher end of the energy loss 

spectrum  is m agnified (figure 4.3b.), two other peaks are clearly present. The
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figure 4 .3a.
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first peak at channels 691-715 is due to argon, indicating that there is argon in 

the  top layer (w ith in  40 A of the surface, the d e p th  reso lu tion  of the 

experiment). Note that the integrated counts are taken after a linear background 

is subtracted. The second peak at channels 911-950 is due to tungsten also in  the 

top 40 A of the surface. It was determ ined that the tungsten could only come 

from the filament in the low voltage ion mill.

A sim ulation of the spectrum, show n in figure 4.4, verifies that the argon 

and tungsten rem ain in the top surface layer. The ratio of argon to tungsten is 

determ ined  from  the sim ulation to be approxim ately  10:1, Ar:W. In  the 

unm odified spectrum , the tungsten peak is larger due to the higher sensitivity to 

heavier masses. The slight offset betw een the tungsten peak and the sim ulated 

peak  is probably due  to  the non-linearity of the detector response. In  this 

sim ulation the first ten layers of the sam ple w ere considered to have 0.1 layer of 

argon and 0.01 layer of tungsten. This am ount p rov ided  the m ost accurate 

m atch w ith the data. Quantitatively the am ount of argon is equivalent to one 

monolayer and the tungsten a tenth of a monolayer total. For a 3 m inute sputter 

w ith  1 m A /cm 2  beam  current density, the total num ber of ions is 1.125 x 10^8 

io n s /c m 2. The total num ber of atom s in a m onolayer of MgO is 9.52 x 10^^ 

a tom s/cm 2. Therefore approxim ately 1% of the ions im pinging on the surface 

are implanted, which is reasonable.

A TRIM code Monte Carlo sim ulation of low voltage argon and tungsten 

bom barding a MgO substrate was also perform ed. There are some limitations 

to the TRIM code particularly in the low energy regime. First, the code treats 

the target as an am orphous solid, therefore it does no t take into account 

channeling or crystallographic effects, which can be significant at low energies.
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Also, TRIM does no t account for m aterial that is spu ttered  away. The 

calculation for 500 eV argon and tungsten ions into MgO is show n in figure 4.5. 

The results qualitatively confirm that the implanted ions all sit in the top 20 A of 

the sam ple surface, w ith the tungsten atoms lying slightly deeper in the target. 

Sputtering of the substrate, that is not accounted for using TRIM, would m ake 

the argon and tungsten even closer to the surface. This agrees with the RBS data 

and simulation.

IV.1.3.2.2. M odified Pre-Sputter Conditions

A list of the RBS results for substrates given different pre-treatments is 

com piled in Table 4.3. A standard MgO sample was run  w ithout any spu tter 

treatm ent and d id  not have any Ar or W  present, how ever there was a slight 

peak at approxim ately channel 800 that disappeared after any type of spu tter 

pre-treatm ent. This peak  could be due to some surface contam ination, o r 

residual m aterial from the commercial polish used to obtain the epitaxial finish. 

Using the sam e ion beam  density and irradiation time, the Ar counts increase 

rapidly, as a function of incident ion beam energy, from 50 eV to 100 eV and 

then appear to saturate at around 250 eV. The W counts increase significantly 

betw een 50 eV to 100 eV, then increasing minimally above 250 eV. With respect 

to the grow th conditions that successfully produced a m odified epitaxy in  the 

YBCO film, only 50 eV did  not form a modified epitaxy. This indicates that a 

potential threshold energy is necessary to imbed sufficient argon or tungsten 

into the sam ple to cause the rotation.

As the incident angle is varied from 90°, there is a m arked decrease in the 

ion implantation. Table 4.4 shows the normalized ratio of the implanted ions at
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Ion Energy 
(eV)

Angle of 
Incidence

Time (sec.) A r (counts) W(counts) A r/W
(counts)

50 90° 180 421 847 0.497
100 90° 180 666 1397 0.477
200 90° 180 678 1409 0.481
250 VO o

0 180 780 1735 0.450
300 90° 180 754 1758 0.430
250 90° 180 780 1735 0.450
250 45°

(aligned)
180 108 626 0.173

250 45°(not
aligned)

180 0 93 0

250 30° 180 0 66 0
250 90° 2 0 50 0
250 90° 5 393 93 4.226
250 90° 30 758 249 3.044-
250 90° 60 777 463 1.678
250 90° 120 733 819 0.895
250 90° 180 780 1735 0.450
250 90° 600 525 2872 0.183

300/250 90730° 180/180 754/115 1758/364 0.429/
0.316

Table 4.3. RBS data for pre-sputtered MgO substrates under different
conditions. Ar and W counts are the integrated counts over the 
entire peak after a m odeled background is removed.



Ion  Energy 
(eV)

A n g le  of 
Incidence

Time (sec.) Ar:Ar(90°) W:W(90°)

250 90 180 1.00 1.00
250 75 180 0.29 0.89
250 60 180 0.29 0.32
250 45 180 0.11 0.08
250 30 180 0.00 0.04

Table 4.4. RBS results for a series of incident angles. A r and W counts as a 
percentage of the counts at 90°.
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a given incident angle to the implanted ions at 90°. The results for samples 

irradiated at 45° and lower indicate that the argon and tungsten are removed 

from the sample. The data show that at 45° the rate of implantation is lower 

than the sputter removal rate, so any ions implanted are removed. There were 

two samples sputtered at 45°, one in a channeling (110) condition and one in a 

non-channeling condition. The argon and tungsten are virtually absent in the 

non-channeled sample, but there is still significant argon and tungsten left in the 

channeled sam ple indicating a clear crystallographic effect. At 30° there was 

virtually no argon or tungsten present. Thin films grow n on substrates pre­

irradiated at 45° o r less did not have a modified epitaxy on the pre-irradiated 

regions.

The implications of the results from the angular dependence of the Ar 

and W content are two-fold. First the implanted argon and tungsten potentially 

play a role in the surface modification, possibly by inducing a lattice strain that 

w ould favor the 45° rotated condition. Both argon and tungsten are larger than 

the Mg and O and would expand the lattice as an interstitial. By expanding the 

lattice, the m ism atch betw een the substrate and film for the cube-on-cube 

orientation w ould increase above the already large 8.8%. For the 45° modified 

epitaxy, however, it w ould reduce the misfit from 2.8%, therefore m aking it 

m ore favorable.

The other possible implication is that the type of damage on the surface 

done at 45° is different from the damage at 90°. One possibility is that a faceted 

surface favoring the growth of the 45° modified epitaxy is created at the higher 

incident angles. This is doubtful since the epitaxy is modified using both 60° 

and  75° incident angles. Preferential faceting w ould be  expected if the
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technique only produced the modified epitaxy for a given angle, and a relatively 

small tolerance (approximately 5°) about that angle.

A nother type  of surface dam age could  be destruction of the step 

structure. The surface step structure is heavily modified by ions at all incident 

angles, especially at the low er angles w here the spu tter yield is higher. 

Therefore, this is probably no t the m echanism  responsible for the modified 

epitaxy. The ions could also locally am orphize the surface of the substrate. If 

the surface was am orphized then spu tter induced epitaxy in principle should 

m odify the epitaxy of YBCO on M gO w ith  a different substrate orientation. 

[110] MgO was attem pted, but did not show  any favored epitaxy indicating that 

this is no t a factor. This is also confirmed by Traeholt et «/.(Traeholt et al. 1994a) 

w ho show ed that YBCO can grow  w ith  the cube-on-cube orientation w ith a 

small am orphous layer at the substrate surface.

The final type of possible surface dam age is the creation of a defect 

structure directly associated w ith the ion im plantation. The m odified epitaxy 

occurs only for conditions where argon and tungsten are im planted. Thus, a 

type of damage site could be produced by the implantation, such as ions that 

coalesce at the surface, or regions w ith  a m odified lattice param eter associated 

w ith  a defect. AFM results on the irradiated surface structure are discussed in 

the following section.

The ion im plantation as a function of time provides more insight into the 

m echanism  for the m odified epitaxy. Figure 4.6 is a plot of the argon and 

tungsten counts as a function of irradiation time. Note that the counts are not 

norm alized, and  the ratio  is approxim ately  10:1 of Ar:W a t 180 seconds 

(determ ined from sim ulation of the  spectra). It is apparent that the argon
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reaches an equilibrium poin t after approxim ately 30 seconds. At that point the 

am ount of argon being im planted is equivalent to the am ount that is removed 

due  to sputtering. The tungsten content, however, increases linearly w ith the 

duration of irradiation u p  to a t least 10 minutes. The modified epitaxy occurred 

for irradiation times of 2 m inutes or greater. This suggests that the tungsten 

m ay play an integral role in the process of forming the modified substrate. The 

tungsten can play two roles during irradiation. First the tungsten is implanted, 

w hich as previously m entioned distorts the lattice. Tungsten is significantly 

larger than argon, therefore it creates a  larger lattice strain on the surface when 

it is im planted. The second effect is the dam age on the surface. The tungsten 

w ill dam age the surface more during bom bardm ent due to its size.

There is the possibility that the substrate  treatm ent in the grow th 

cham ber could remove som e of the im planted ions. Several of the samples 

m easured initially were subsequently given the standard pre-treatm ent in the 

POMBE system. There was no  m arked difference in the spectra after the ozone 

anneal. This indicates that both the argon and tungsten rem ain in the substrate 

during  the deposition.

The combination of the RBS data, grow th data and sim ulations gives a 

good understand ing  of the m echanism  for the sputter-induced epitaxy. It 

appears that the im planted ions, including the tungsten play an integral role in 

the process. If only generic surface damage or roughening is responsible for the 

rotated epitaxy, then even low angle sputtering would be effective, however this 

is not the case. For incident angles of 45° or less the m odified epitaxy did not 

occur, so the im planted ions play some role in  the resulting film orientation. 

This resu lt also indicates that a given num ber of ions im p lan ted /cm ^  are
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necessary to see the  effect, not just the total num ber of ions im pinging on  the 

surface. It appears consistent to suggest a locally m odified lattice param eter 

that w ould effect the grow th since the results indicate that all the ions are a t the 

substrate  surface (probably w ithin the top 10A). The lattice param eter change 

cou ld  also be associated w ith  a specific type of defect site  that facilitates 

nucleation of the m odified epitaxy.

These results also suggests w hy other groups using ion beam s on MgO 

do n o t see the effect. The FIB technique uses m uch higher energy ions (5-50 

keV), w hich im plants the ions deeper in  the surface. The directionally ion 

m illed substrates uses low er incident angles that would not be expected to give 

a m odified epitaxy. Com m ents on further potential studies are m ade in  the 

conclusion (chapter VH[).

IV.1.3. Surface Profile

Atomic force m icroscopy (AFM) was used to analyze the M gO p re ­

spu ttered  and unsputtered surfaces. In these m easurem ents, the tip radius was 

on the order of 200 A. The images therefore were a convolution of the tip shape 

and  the substrate surface. Deconvolution w as no t perform ed on the images, 

and  they are only used  comparatively. Figures 4.7a-b. are AFM im ages from 

u n sp u tte red  and  sp u tte red  com m ercially polished  M gO substrates. It is 

im m ediately apparent that the surface is not very sm ooth on  a nanom eter scale. 

There is significant surface roughness and some deep craters on the surface. 

The craters are probably etch pits due to the commercial substrate preparation 

that includes a chem ical etch. The image of this surface gives an  obvious 

indication as to w hy MgO is not always a favored substrate for thin film growth.



Figure 4.7a. AFM image of an unsputtered region on a (100) 
substrate prior to annealing. 140



Figure 4.7b. AFM image of a pre-sputtered substrate (300 eV argon 
for 3 minutes) prior to annealing.
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In o rder to get an  accurate surface im age of the  substra te  du ring  

deposition, a set of sam ples w as preirrad iated  and then  given the standard  

substra te  p re-treatm ent used before a POMBE grow th. The pretreatm ent 

included an anneal at 680°C in an oxygenated plasm a for 30 m inutes and then a 

slow cool in the plasm a to 400°C. The sam ple w as rem oved at approxim ately 

330°C and was air cooled. The sam ples were irradiated for 3 m inutes at 300 eV 

w ith  hard baked photoresist masks covering part of the sample. The image of a 

step, which delimits the sputtered and  unsputtered regions, is show n in figure 

4.8a. The step  is relatively sharp  and approxim ately  160 nm  w ide, not 

accounting for the deconvolution of the probe (which w ould m ake it narrower). 

The height of the step is 12 nm  indicating a spu tter rate of approxim ately 4 

nm /m in .

The oxygen plasm a definitely removes contam inants from the surface of 

the substrate. The images taken prio r to the anneal and  after the anneal clearly 

show  a large decrease in the m agnitude  of the surface roughness. In  the 

annealed samples, the major difference betw een the sputtered and unsputtered  

regions is the roughness of the surface. At first glance this is not apparent, bu t a 

higher magnification scan (see figure 4.8c-d) shows that the unsputtered region 

is very sm ooth w ith only a few surface defects probably from  the polishing 

procedure. The presputtered region has som e coarse roughness (and the edge 

of an  etch p it can be seen). The roughness has the characteristic appearance of 

sm all rounded lum ps on the order of 25-100 nm  in size. This type of defect 

appears to be associated w ith the bom bardm ent and  could be a favorable 

nucleation site for the modified epitaxy. Average roughness from the sputtered 

and  unspu ttered  regions also proves an increased roughness o n  the  pre



Figure 4.8a. AFM image of the edge delineating the pre-sputtered 
and unsputtered regions of the substrate after an oxygen plasma anneal.
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Figure 4.8b. lin e  scans of step region in  figure 4.8a. showing roughness 
values for the unsputtered region (top scan) and sputtered region (bottom scan). 
The m iddle scan shows the step edge height.



Figure 4.8c. AFM image of unsputtered region after anneal in an oxygenated plasma.



Figure 4.8d. AFM image of a pre-sputtered region (300 eV argon ions 
for 3 minutes) after annel in fully oxygenated plasma. .
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sputtered  region of about 50%. The increased roughness, however, w ould  still 

be expected from  sputtering  a t different angles. Therefore to consistently  

explain the results, the type of surface dam age is uniquely associated w ith  the 

ion im plantation. It was no t possible to get an atom ic resolution im age to 

determ ine the local structure of the sample. The im planted ions rem ain in the 

substra te  even after the anneal, b u t the surface topology is significantly  

im proved and exhibits a characteristic dam aged structure.

IV.2. T ransport Properties

In d iv id u a l grain  b o undaries  w ere pa tte rned  for low  tem p era tu re  

m easurem ents as described previously  (see C hapter III.). The first g rain  

boundaries m easured were formed using a m etal mask. These sam ples had  a 

polycrystalline interface region betw een the rotated and unrotated parts of the 

th in  film. A fter im proving the m asking techniques, sam ples w ere m easured 

w ith  ju st one grain boundary junction. The sam ples m easured w ere prepared  

u n d er generally standard pre-grow th conditions due  to the large preparation  

tim e to m ake a m easurem ent sam ple. The grain boundary  junctions w ere no t 

com pared  for significantly vary ing  p re-spu tter treatm ents, o ther than  the  

change in type of physical mask. The various transport properties of these 

junctions are discussed in this section.

IV.2.1. Resistance-Tem perature

The R-T characteristics are intim ately connected to the structure  of the 

b ou n d ary  region as is show n by com paring the resistance vs. tem pera tu re  

m easurem ents for three different sputter-induced sam ples (see figures 4.9-4.11).
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Figure 4.9 is from one of the first sputter-induced samples that was m ade w ith a 

m etal contact m ask in poor contact w ith  the substrate. The norm al state 

resistance of the grains and  the grain boundary  channels exhibit a linear 

decrease in resistance as a function of tem perature above Tc (note that "grain 

boundary" is a misnomer in this case because the region was polycrystalline and 

the term is only used for convenience). They both have the same slope dR /dT , 

bu t not the same m agnitude of resistance (note that all the resistances are across 

the sam e w idth  microbridge, 40 pm, so they can be directly compared). The 

grain has a relatively abrupt transition at 80 K, bu t the grain boundary region 

has a  broadened transition w ith a positive curvature at the base. The curvature 

is indicative of a polycrystalline sam ple w here the path  of least resistance goes 

through a series of grain boundaries w ith different transition temperatures. The 

abrupt transition of the grain is indicative of the material having predom inantly 

a single Tc. Figure 4.12 illustrates the cause of the broadened base of the 

resistance curve for a polycrystalline region and the m ore abrupt transition for a 

single grain boundary. The current path  crosses m any grain boundaries w ith 

varying critical tem peratures that go superconducting one at a tim e until a 

w hole superconducting path  is created. This is distinguished from a single 

grain boundary where in spite of variations in  Tc along the grain boundary a 

m ore abrupt transition exists. The variations of Tc along the grain boundary are 

less significant because it is a parallel connection as opposed to a serial 

connection of the different regions.

The R-T curve in figure 4.10 is from a sample w ith a metal m ask that had 

better contact than the sam ple in figure 4.9. The norm al state resistance of the 

grains and the grain boundary were virtually identical in this sample, and the
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transitions w ere very  ab rup t w ith  Tc = 85 K. There is no round ing  of the 

transition at the base. Using a larger m easuring current, an extended hum p is 

form ed at the  base of the transition. This is the resistance from  the grain 

boundary  (the grain goes superconducting a t 84 K), and can be attributed  to 

therm ally activated transport channels that are in parallel w ith superconducting 

channels across the boundary. The curve is fit well w ith a m odel of parallel 

conduction channels based on  eq. 4.5 (see figure 4.10c.), w hich is discussed in 

the following section.

Figure 4.11 is the R-T curve for a sam ple prepared  using a photoresist 

m ask for the pre-sputter treatm ent. The grain has a critical tem perature of 86 K, 

b u t the  grain  boundary  region clearly exhibits a foot-like structure. This is 

indicative of a high-quality grain  boundary junction, clearly different from the 

polycrystalline exam ple in figure 4.9. A fter the grain onset, w hich is closely 

followed by  the grain boundary  because it has the grain adjacent to it, the foot 

struc tu re  has a slight linear decay un til there is an ab rup t transition  to the 

superconducting  state at 81.25 K. The foot-like structure can be attributed to 

therm ally activated phase slippage (TAPS) as show n in the following section. 

Essentially, the  Josephson coupling energy, Ej, is d im inished a t the  grain  

boundary  due  to the sm all critical current, and  allows thermally activated phase 

slippage to create a finite resistance. The linear decrease and abrup t transition 

are due  to the resistance of one boundary , unlike the polycrystalline sam ples 

that exhibited a curvature. The variation in the norm al state is due  to the two 

grains on e ither side of the boundary  having different Tc's. The grain boundary 

only provides a sm all addition  to the norm al state  resistance above Tc and is 

dom inated by the resistance of the grains on either side. The difference in the
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Figure 4.10b. Resistance vs. temperature for sam ple in  figure 4 .10a using 1 
m A  measuring current.
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thermally activated transport passages.
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Figure 4.12a. Schematic d iagram  of*k poly crystalline region show ing a 
percolative current path . The p a th  of least resistance crosses grain 
boundaries w ith  different transition tem peratures as indicated. All of the 
regions along the pa th  m ust be superconducting before a  continuous path 
across the polycrystalline area is fully superconducting.
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Figure 4.12b. Schematic diagram  of a single grain  boundary  region The 
first region that has a detectable transition w ill provide a continuous 
superconducting pa th  across the grain boundaiy .
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grain resistance could be from a different quality of epitaxy in  the portion that 

grew  45° rotated relative to the substrate, bu t this lias not been confirmed. The 

foot-like structure can be changed by  varying the applied current, as is expected 

because this varies the sensitivity of the m easurem ent (as w as show n in  figure 

4.10). The R-T curve of figure 4.11a-b. on a log scale is show n in figure 4.11c. 

The curve clearly indicates that the foot-like structure is real and  lies above the 

noise of the m easuring instruments.

M easuring the resistance of a superconducting sam ple gives the p a th  of 

least resistance for a given applied current. If a sam ple has only one region that 

is superconducting, then w hen the m easuring current is less than  the critical 

current, the resistance will be zero. The implication is that the R-T curve only 

m easures the resistance of the best connected region. In contrast, the critical 

current of the sam ple is the sum  of the total num ber of superconducting paths 

across the region. A n R-T curve can show a difference betw een a polycrystalline 

sam ple and a sam ple w ith  ju st one grain boundary . The resistance of a 

polycrystalline sam ple w ill be from a percolation pa th  across the region. For a 

single grain boundary, however, an  extended foot-like structure due to TAPS 

for low Ic grain boundaries or from  the norm al state resistance of the boundary  

is expected as is seen in figures 4.10 and 4.11 and explained below.

The spu tter-induced  grain  boundary  junctions have h igh  transition  

tem peratures. The R-T behavior exhibits characteristics of a single junction. The 

foot-like structure at the base of the transition is attributed to TAPS across the 

grain boundary  junction, and has an abrupt transition into the superconducting 

state.
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IV.2.1.1. TAPS and  Therm ally A ctivated C onduction  Paths

The R-T curve gives information about the transition tem perature and the 

norm al state resistance of the sam ple. A  h igh  quality single crystal grain will 

have an  abrup t transition to the superconducting state. The w eak linked high- 

angle grain boundaries have m arkedly different behavior. The onset can have a 

foot like structure, w hich can be extended using  different m easuring currents. 

By varying  the m easuring  curren t, tw o separa te  effects can be stud ied , 

therm ally activated phase slippage (TAPS) and  the grain boundary  norm al state 

resistance.

The R-T curve is m easured using a constant current. A  typical I-V curve 

is show n in figure 4.14a. The am ount of current dictates w here along the I-V 

curve the resistance is being m easured. If the current is below  Ic then there is no 

resistance (unless a small resistance is caused by TAPS, see below), if it is greater 

than  Ic a resistance is seen. By using  vary ing  m easuring  currents, different 

regimes of the I-V curve can be studied. The two predom inant effects that can 

alter the R-T characteristics of a single grain boundary  will now  be described to 

understand the norm al state resistance behavior of the grain boundaries.

TAPS is due to therm ally  activated phase changes across the  grain 

boundary  tha t cause a sm all finite resistance. There is a b a rrie r height 

associated w ith  the onset of TAPS. The norm alized barrier height for TAPS is 

the ratio of twice the m axim um  Josephson coupling energy, Ej, to the therm al 

energy, ETh=kBT, (eq. 4.1)(Gross 1992)
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The barrier heigh t is inversely proportional to the tem perature. As the 

tem perature decreases both the thermal energy decreases and the critical current 

of the junction increases. It is im portant to realize the  barrier heigh t is 

proportional to the critical current, not the critical current density. Therefore for 

sam ples w ith a high-angle grain boundary, the critical currents are low  and 

TAPS w ould be expected even w ith a relatively w ide junction. The high critical 

currents of grains and physically large junctions are the reason no foot-structure 

is seen in their respective transition curves. TAPS is manifested as a rounding 

of the I-V characteristics w ith a small slope at relatively high tem peratures, 

which is seen as a finite resistance foot in the R-T curve. Specific num bers show  

that a junction w ith a critical current of 1 pA (used as the m easuring current in 

the m easurem ent of fig. 4.11, Ej=3.3xlO"^J) could exhibit TAPS dow n to 40 K. 

The Josephson coupling energy for the sample in figure 4.10 increases above the 

therm al energy at approximately 80.25 K and therefore the junction does not 

exhibit TAPS below that tem perature. An example of this behavior w ill be 

show n in the bi-epitaxial samples in chapter VI.

The second effect that can be studied using the R-T curve is the norm al 

state  resistance. Based on w ork on bi-epitaxial sam ples described later, the 

norm al state resistance of the grain boundary can be m odeled as a sum  of the 

tem perature independent resistance and a set of parallel therm ally activated 

conductance channels (Liu et ah 1995). Following Liu et ah,(Liu el ah 1995):

GSb = G0+ ^ Gi
i

(4.2)
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The tem pera tu re  in d ep en d en t conductance is equal to  1 /R o , and  the 

tem perature dependent channels can be expressed as (eq. 4.3):

By assum ing a sim ple distribution of the activation energies N(E)=No from  

Em in to Em ax (also assum ing Em ax» k B T )  and integrating over this energy 

range eq, 4.4 is obtained. This represents the contribution to the conductance 

from the therm ally activated channels.

Putting this expression back into eq. 4.2 and solving for Rgb results in eq. 4.5:

w here P=No(g/Go)kB is the num ber of conduction paths that open per increase 

in tem perature. This resistance is manifested in the normal state regim e of the I- 

V characteristic.

The difference betw een TAPS and the therm ally activated conduction 

paths can be detected in  the R-T curves. If a small enough m easuring current is 

used, and TAPS is present it w ill be detected as a small foot-like structure as is 

seen in figure 4.11. This resistance is from m easuring below the "critical current" 

w here there is still a small finite resistance due to TAPS. For a critical current on

G, = gex P ( t %  
kBT

(4.3)

(4.4)
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the order of 1 (xA this is expected to show  TAPS dow n to the tem peratures 

observed (Exh>Ej), and is consistent w ith the m easurem ent. If a high enough 

current is used, the true norm al state resistance of the boundary is measured. 

Figure 4.10 show s a larger hum p that extends w ell below  w here TAPS is 

expected. The shape of this curve has an excellent fit w ith eq. 4.5 indicating that 

the critical current of the junctions is exceeded and  the parallel therm ally 

activated conduction paths are now being measured. It will later be show n that 

the num ber of conduction paths appears to be inversely proportional to the 

critical current.

IV.2.2. Current-Voltage Characteristics

The two im portant aspects of the I-V curve are the shape of the norm al 

state response and the m agnitude of the critical current. The shape indicates 

w hether the w eak link region is flux-flow type, m odeled by a resistively'- 

shunted-junction (RSJ) or a modified RSJ w ith TAPS. Therefore, the curvature 

of the I-V characteristics indicates the type of coupling across the junction. The 

m agnitude of the critical current is im portant as the total am ount of current 

across the junction. Essentially it is the sum  of all the varying critical currents

(eq. 4.6)

w
(4.6)

0

If there is a variation of the m agnitude of the critical current along the grain 

boundary it will all be integrated into the total critical current. Spatially varying
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changes in the critical current are no t discernible using the I-V m easurem ent, 

only the absolute m agnitude of current crossing the region.

The current-voltage characteristics of these grain boundaries exhibited 

weak-link behavior. The sam ples w ith polycrystalline regions had rounded I-V 

curves even at low tem peratures, indicative of a flux-flow type mechanism (see 

figures 4,13a-b). The I-V plo t m aintains a positive curvature even at relatively 

high current biases. The flux flow behavior a t low tem perature is expected for a 

pa th  of strongly coupled junctions, therefore im plying that there could be a 

"short" across this region of low er angle grain  boundaries supporting a high 

critical current.

The I-V characteristics for two different sputter-induced junctions are in 

figures 4.14 and 4.15. Both of these junctions have RSJ-like behavior, which is 

m odeled in the figures. By solving equation  2.8 for the case of the Stewart- 

M cCum ber param eter(S tew art.l968; M cCum ber 1968), fic=0, equation 4.7 is 

obtained:

set to zero. Therefore the junction is m odeled by a Josephson element in parallel 

w ith a resistance.

The highest critical current density values obtained for these junctions 

w as 5 x 1()4 A /cm ^ at 4.2 K, and 1.6 x 10^ A /cm ^ at 77 K, w ith an IcRn product 

of 125 |iV at 4.2 K. This is the largest critical current density published for a

V = 0 for I<IC

for I>IC (4.7)

A good fit is m ade using this solution w here the capacitance of the junction is
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[001] 45° tilt grain boundary junction, including asymmetric bicrystal junctions 

on YSZ (Ivanov et ah 1991a), symmetric bicrystal (values published for 35.5°, 

w hich  in  princip le  shou ld  be larger) (Dimos et ah 1988) and bi-epitaxial 

junctions(Char et ah 1991a; C har et ah 1991b; Early et ah 1994). One potential 

reason for the high values is that the sputter-induced grain boundaries are 

"naturally" formed grain boundaries. The thin film is grown on MgO on both 

sides of the boundary (unlike a bi-epitaxial junction), w ith no m isalignment of 

the substrate (as in a bicrystal) allowing lower energy formations of the grain 

b o u n d ary . This w ill be d iscussed  in  m ore detail w ith  respect to the 

m icrostructure later. The relatively low IcRn product is due to relatively low Rn 

values as opposed to low Ic values.

The I-V characteristics tend to show  som e hysteresis a t the lower 

tem peratures, w hich is typical of m any junctions. A t higher tem peratures the 

curves show  increasing resistance w ith  increasing tem perature (a positive 

curvature in the I-V behavior) from flux flow along the boundary. The lower 

critical current at higher tem peratures cannot prevent Josephson flux m otion 

along the grain boundary. Also a small finite resistance at small currents is 

present due to TAPS.

Figure 4.16a-f. are the I-V characteristics of a junction for six different 

tem peratures to show the different shapes of curvature and m agnitude at the 

different tem peratures. These are all condensed onto one plot in figure 4,17. 

The change in the critical current is an  order of m agnitude over the 80 K 

tem perature range. The critical current as a function of tem perature can be 

m odeled w ith eq.4.3:
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W c o d - f ) 2 (4-8)
** c

This behavior is predicted for a superconductor-norm al-superconductor type 

junction. The relationship is different than the (1-T/Tc) behavior expected for a 

superconductor-insulator-superconductor (Ambegaokar et al. 1963). Therefore 

the grain boundary does have similar characteristics to a normal metal region 

betw een two superconductors.

The norm al state resistance is determined from the I-V characteristics at 

currents greater than Ic. The tem perature dependence of the norm al state 

resistance varies depending  on the sam ple quality. There is an inverse 

rela tionsh ip  betw een  the junction critical curren t and the norm al state 

resistance. For lower critical currents it appears that the normal state resistance 

is decreasing w ith  increasing tem perature (see figure 4.19). The resistance due 

to the grain boundary exhibits semiconducting type behavior. This is consistent 

w ith a picture w here parallel conduction paths along the grain boundary of 

superconducting elem ents w ith  thermally activated transport elements. The 

therm ally activated elem ents appear to be unique to the grain boundaries 

because this effect is no t seen in bulk samples, which exhibit strictly metallic 

type behavior. This is discussed in more detail in chapter VH and appendix I.

IV.2.3. M agnetic Field Behavior

For the sample w ith the highest critical current value, the variation of the 

voltage as a function of applied magnetic field (the sample is d.c. current biased) 

is show n in figures 4.20 and 4.21. M easurements w ere m ade w ith an applied 

magnetic field norm al to the substrate surface. The voltage is proportional to
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the critical current of the boundary. There is clearly a strong dependence of the 

critical cu rren t on the applied  field perpendicu lar to the thin film surface 

indicating  a d.c. Josephson-like effect due to the phase interference of the 

wavefunctions from either grain across the junction. The response, however, is 

no t a clean Fraunhofer pa ttern  as is expected for a junction w ith a perfectly 

uniform  current distribution (see chapter II). There is a m axim um  peak close to 

zero, and then changes in critical current as a function of small incremental steps 

in  the magnetic field on the order of 0.02 G. The Josephson current never goes 

to zero, unlike a perfect junction, which has total cancellation of the Josephson 

current at integral flux values.

Typically w ide junctions (w>4Xj) do no t exhibit a perfect Fraunhofer 

interference pattern  due to the current distribution (see chapter II). The current 

is m ostly carried w ithin a penetration dep th  of the edge of the junction and self­

field effects becom es im portant. This is no t the effect observed in these 

m easurem ents. Due to the inhom ogeneity of the current transport along the 

junction length, the current is not m aintained in the edges of the junction. The 

curren t traverses the boundary  even in  the center of the junction. This is 

confirm ed by studies of the critical current as a function of the junction w idth. 

These experim ents show ed that the critical current does no t saturate at a given 

w id th  as w ould  be expected if the supercurren t was only at the edges of the 

junction (Rosenthal et al. 1991; Early et ah 1993; M ayer et ah 1993). In the high- 

Tc sam ples there are parallel conduction paths across the  boundary separated 

by  norm al regions, w hich prevent large scale self-field effects from  being 

significant. In this case the junction can be treated as a narrow  junction.
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These junctions do not exhibit a perfect interference pattern because of 

inhom ogeneous flow along the boundary, however there is some indication of 

periodicity in the m easurem ent If the phase difference (<j>l-«|>2) is constant along 

the grain boundary, the Ic(H) m easurem ent is the absolute value of the Fourier 

transform  of the critical current density along the grain boundary (as in eq. 2.4):

Since the m odulus is m easured, the phase inform ation is lost and it is not 

possible to determ ine the actual distribution of the current along the grain 

boundary. Extensive sim ulations of various critical current distributions along 

the boundary  w ere perform ed to sim ulate the low applied m agnetic field ' 

response. The current distributions modeled varied from uniform distribution 

a long  the  b o u n d a ry  leng th  to a filam entary  m odel o f 1 nm  sized  

superconducting  regions random ly distributed along the boundary  length. 

N one of these m odels even rem otely agreed w ith the m easured data. The 

reason for the lack of concurrence w ith the simulations is due to a change in  the 

phase difference along the boundary.

The phase difference is assum ed to be constant in the traditional analysis. 

The m anifestation of this is that a given current profile will not respond in a 

uniform  fashion to an  applied magnetic field. Certain regions will decrease in 

critical current while others can increase depending on the flux penetration at 

the boundary. Note that there is no direct analogy in optics to this difference in

where, f3 — (2A + d )^ K̂
0 o

(2.4)
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phase shift along the boundary  because self-inductance can no t be m odeled. 

This is discussed in more detail in  chapter VII and  appendix I.

A  Patterson function of the data determ ines any frequencies present. The 

one predom inant peak is a 2.2 G periodicity, which will be com pared to the bi- 

epitaxial junctions later. The period icity  does suggest a certain  degree of 

hom ogeneity along regions of the boundary.

Three studies (Froehlich et al. 1995; Samelli et al. 1993c; D aum ling et al. 

1992) have  looked at high field m easurem ents o f d ifferent types of grain  

bo u n d ary  junctions. There is a residual critical cu rren t across the  grain  

boundary  up  to 12T (the highest field m easured). The authors claim that this 

indicates the size scale of the current distributions is on the level of dow n to 1 

nm  or less (Froehlich et al. 1995). The problem  is that this analysis assum ed a 

constant phase difference along the junction. This is incorrect and  explains the 

lack of a good m atch to the data at low fields. The fact that the critical current 

never fully disappears can be explained by the  asym m etric parallel junction 

m odel described in chapter VII and  appendix I.

The m odel of asym m etric paralle l junctions is extrem ely difficult to 

sim ulate due to the lack of data of the current distribution along the boundary. 

Analogies to an  interferom eter can be m ade, w hich has been sim ulated under 

lim ited conditions. One calculation of ten  Josephson junctions in  parallel 

show ed that the m utual and self inductance of neighboring junctions plays a 

key role in the response to a m agnetic field (Miller et al. 1991). Two variables 

w ere analyzed, the self inductance of a loop formed by tw o Josephson junctions 

and the non-uniform ity of the critical current. By increasing the self-inductance, 

the m odulations peak to valley ratio decreased and  d id  no t have an obvious
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periodicity. The critical current also never went to zero as it d id w hen the self­

inductance increased. A variation in the critical current further m odified the 

behavior. Clearly both the self-inductance and the change in critical currents are 

strong  effects, w hich contribute to the m easurem ent. The m odulations in the 

m agnetic  field data  suggest a non-uniform  current d istribu tion  along the 

boundary . In order to gain a greater understanding of the weak-link behavior 

m icrostructural analysis was perform ed using SEM and TEM. The m odulation 

of the  critical current m ust be related to the m icrostructure (as discussed in the 

next section).

IV. 3. M icrostructure

IV.3.1. Scanning electron microscopy

The sp u tte r induced epitaxy sam ples w ere alw ays initially exam ined 

optically. The higher quality films were highly reflective, bu t scanning electron 

m icroscopy (SEM) w as necessary for better analysis. The SEM in combination 

w ith  th e  EBSP described earlier w as used as the first test in determ ining  

w hether the film grew  w ith  a m odified epitaxy over the presputtered region, 

and  to analyze the general m icrostructure. Figure 4.23 is a secondairy electron 

im age of the grain  boundary  in a sputter-induced sam ple. The insets are the 

EBSP patterns for each grain. The [001] zone axis lies, as expected, norm al to the 

film surface (20° above the pattern  center). Even the polycrystalline sam ples 

w ere p redom inantly  oriented w ith the [001] zone axis perpendicular to the 

sam ple surface. In figure 4.23 the [103] axis clearly rotates by 45° about the [001] 

axis from  the pre-sputtered  region to the unsputtered  region. This is direct 

evidence that, w ithin the resolution of the EBSP technique, a 45° grain boundary
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Figure 4.23. A SEM im age of a spu tter-induced  epitaxy grain  boundary  
junction. The insets are  the corresponding backscattered electron Kikuchi 
patterns for the grains indicating a 45° rotation about the [001] axis.
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form s in the film at the interface of the two grain regions. The result is later 

confirmed w ith TEM to show that there are not any other grains in  the region. 

The film was found to be rotated by 45° across the entire pre-sputtered region of 

the substrate. The advantage of EBSP is that spatially localized diffraction can 

be obtained from the thin film. In contrast, four-circle x-ray diffraction can only 

get spatially-averaged information from the entire film. For grain boundary 

junctions, it is im portant to insure that only one grain boundary exists across the 

microbridge, so EBSP was the relevant technique for this purpose.

The num ber, size and concentration of precipitates across the thin film 

w ould vary significantly depending on the specific deposition conditions used. 

For copper rich grow ths, copper-oxide precipitates (determ ined by EDS 

analysis) w ould be seen as boulders across the surface. Barium rich samples 

w ould  also form precipitates. Variation in  the yttrium  concentration w ould 

typically change the morphology of the film, often m aking the surface rougher, 

w ith  voids, if there w as an increased concentration of yttrium . The growth 

tem pera tu re  also p layed an  im portan t role w ith  the lower tem peratures 

resulting in a surface w ith a higher concentration of precipitates. M ore detailed 

studies of the effect of stoichiometry and grow th tem perature on the surface 

m orphology are in Buchholz et ̂ /.(Buchholz et al. 1994).

The m orphology of the film did not vary from the pre-sputtered region to 

the unsputtered region. The grain boundary was typically not distinguishable 

unless EBSP diffraction was used to determine where the rotation occurred (this 

w as an experim ental difficulty in isolating junctions for m easurement). This 

indicates that despite the modified epitaxy and the pre-sputter treatment, there 

are no significant differences in the thin film grow th that can be seen on this



183
scale. The effect of the sputtering  dam age on the substrate, does not appear to 

p ropagate  th rough  the film. The ability to form  a grain  boundary  junction 

w ithout a difference in m orphology across the boundary is a distinct advantage 

of th is technique. O ther junctions, such as bi-epitaxial junctions, have the 

problem  of different m orphologies on the films on either side of the junction. 

This becom es an  im portant issue for optim izing the thin film growth as w ell as 

for m ultilayer situations.

In general, the p re-sputtered  region w ould have <1% unrotated grains. 

Some of the initial sam ples formed w ith  a m etal mask had  poly crystalline region 

adjacent a t the interface of the sputter-induced region and  the non-sputtered 

area. A  variety  of EBSP patterns could be observed in these areas, w ith  m ost 

being [001] epitaxial, b u t having different in-plane orientations. These films 

were ro tated  either due to the sputtering of the m ask onto the substrate prior to 

grow th, o r a reduced dose of ions from only partial shielding of the mask. Thin 

films form ed using  pho to resist m asks h ad  higher quality  grain boundary  

regions. The tw o grains of the film  w ould  m eet at the grain  boundary  w ith  

v irtually  no ro tated  or unro tated  grains. The grain boundary  w ould appear 

straight to w ithin the 0.5 pm  resolution of the EBSP m ethod. Generally the grain 

boundaries d id  n o t show  any preferential form ation of precipitates, b u t they 

w ould  som etim es have porosity. Again, the specific appearance of the grain 

boundary  region w as dependent on the grow th conditions.

F igure 4.23 is a SEM im age of a g rain  b o u n d ary  form ed w ith  a 

pho to resist m ask. The boundary  does show  localized porosity  (dark voids 

betw een the arrow s). There usually w as not any porosity along the boundary, 

how ever th is he lps iden tify  the g rain  boundary  in the image. The w hite
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precipitates are copper oxide formed from excess copper during deposition. 

The variation in the surface structure suggests that perhaps the largest obstacle 

to obtain ing  uniform  critical current densities and junction behavior, is 

consistent reproducible thin film deposition.

Grain boundaries were formed in num erous configurations for different 

experim ental requirem ents, and to prove the abilities of the technique. The 

finest resolution was 5 |im  spaced parallel grain boundaries (see Chapter V). 

This indicates that the technique is potentially  lim ited only by the m ask 

resolution, and the grain grow th across the grain boundary region. Current 

photolithographic techniques can form submicron features, and could be used 

for very  fine patterning. Both circular and square grain boundaries were 

formed as small as a 20 |Lim  diameter for the circular boundaries. There were no 

observable structural effects from the various geometries used.

IV.3.2. Transm ission Electron Microscopy

Electron transparent samples w ere m ade to analyze the grain boundary 

structure. The sam ples w ith  the polycrystalline regions had multiple grains 

w ith num erous orientations at the grain boundary interface. Most of them were 

[001] oriented relative to the substrate, so the diffraction patterns show ed 

distinct spots along the (100) and the (110) rings (see figure 4.25). The highest 

quality samples appeared to only have one grain boundary along the interface 

of the two regions (see figures 4.24a-b.). The selected area diffraction patterns 

show ed a distinct 45° rotation about the [001] axis, corroborating the result of 

the EBSP analysis.
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Figure 4.24a. Bright field TEM im age of a sputter-induced grain  boundary  
junction. The grain boundary (indicated by  the arrows) m eanders significantly.
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Figure 4.24b. Corresponding dark  field TEM image to figure 4.24a. The image 
highlights how  m uch boundary m eanders (the arrows are the same locations in 
the boundary as in figure 4.24a).
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F ig u re  4.25. D iffraction  p a tte rn  o f a po lycrysta lline  "interface" region 
o b se rv ed  in  sam p le s  m ad e  w ith  a p o o rly  con tac ting  m eta l m ask.
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Figure 4.26. TEM image of a sputter-induced grain  boundary  w ith  a Y2O3 
particle at the boundary. The boundary is asym metrically faceted.
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The m ost obvious feature of the boundary is that it m eanders, and does 

not follow a straight line across the substrate (see figures 4.24a-b, 4.26). The 

grain  boundary  deviates from  a hypothetical straight line defined, by  the 

photolithography, by hundreds of nanom eters. This behavior has also been 

observed in  bicrystal samples, w here the grain boundary does not follow the 

pa th  of the  bicrystal substra te  (Miller et ah 1995; T raeholt et ah 1994b). 

M eandering is also seen in bi-epitaxial grain boundaries (see chapter VI.) and in 

polycrystalline th in  film sam ples (McKernan et ah 1992). For the sputter- 

induced grain boundaries, it is not possible to tell from these images w here 

exactly the pre-sputtered region of the substrate lies. Since a photoresist m ask is 

not atomically abrupt, the sputtered region and the unsputtered regions will not 

be delineated by a straight line. Knowing that the grains grow significantly 

faster in the a-b direction than in the c-direction, it can be assum ed that there 

will be some interpenetration of grains across the pre-sputtered/non-sputtered 

separation. Therefore the m eandering results from a combination of both  the 

m ask resolution and the grain growth. The two effects combined will enhance 

the m agnitude of m eandering relative to a bicrystal substrate, which provides a 

straight tem plate for the boundary. This is consistent w ith  the results from  

other references w here the m eandering is on the order of tens of nanom eters 

deviation from  the bicrystal grain boundary(M iller et ah 1995; Traeholt et ah 

1994b). Similar effects are evidenced in the bi-epitaxial grain boundaries, which 

also uses a photoresist m ask to define the substrate (see C hapter VI). Slower 

grow th rates of the film should minimize the effect by reducing the am ount of 

interpenetration of the grains.
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Figure 4.27a. A n im age of a 100 nm  long asym m etric facet a t the  grain 
boundary. The (100) planes of the left grains are parallel to the (110) planes of 
the adjacent grain.
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Figure 4.27b. Asymmetric facets along a length of a sputter-induced epitaxy 
grain boundary.
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The grain boundaries appear free of second phases along their length. 

There is occasional precipitation (see figure 4.26), however the concentration of 

precipitates at the boundary is on the same order of precipitates in the grains. 

The precipitate in figure 4.26a. is Y2O 3 that forms during yttria rich grow ths 

and do not form preferentially at the boundary. Often no precipitates are seen 

along the boundaries, bu t even w hen there are precipitates, they constitute 

m uch less than  5% of the boundary  length. M any other types of grain  

boundaries show favorable formation of precipitates or phases at the boundary 

(such as bu lk  m elt-tex tured  sam ples and biepitaxial, see Ch.VI). The 

m inim ization of precipitation and lack of second phases at the boundary  

indicates that there are no significant interruptions at the junction, w hich is 

beneficial for the transport properties.

The dom inant feature of the grain boundary structure is the preferential 

asymmetric faceting along the majority of the boundary (see figures 4.26,4.27 a- 

b.). The faceting forms such that the (100) plane of one grain lies parallel to the 

(110) plane of the adjacent grain. Note the a- and b-axes are not differentiated 

due to their close lattice param eters. The facets extended for relatively long 

lengths observed u p  to over 100 nm  along the boundary (see figure 4.27a). To 

accommodate for the m eandering of the boundary, the boundary m ust curve, 

bu t this is also often accommodated w ith asymmetric microfacets even as small 

as one unit cell in dimension. Figures 4.28a-b. show a region of the boundary 

that curves 90°, but it maintains asymmetric microfacets along the entire length. 

The one region (figure 4.28b.) has a stepped boundary  w ith  a lternating  

microfacets. The microfacets have a reversal in structure w ith the (100) of the
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Figure 4.28a. A region of a grain boundary that curves 90°, but maintains the 
asymmetric facets along the entire length. The region indicated by the arrow is 
magnified in figure 4.28b.
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Figure 4.28b. M agnified region of the grain  boundary in  figure 4.28a. The 
bou n d ary  is s tepped  w ith  asym m etric m icrofacets m ain tain ing  the local 
asymmetry. The "step" regions have reversed symmetry of the "ledge" regions.
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top grain  parallel to the (110) of the bottom  grain on the "flat" region, and then 

the (110) of the top grain parallel to the (100) of the bottom  grain on the "step".

There are d ifferent possibilities for the form ation of the asym m etric 

facets. The preferred  form ation of the facets could be either kinetically or 

therm odynam ically  driven. Kinetically, the grow th fronts could be (100) and 

(110), w hich are then forced together during  growth. The other possibility is 

that the  asym m etric boundaries have a low er energy than  the sym m etric 

boundaries a t therm odynam ic equilibrium  and w ould  preferentially  form. 

Calculations of the grain  boundary  energy in other m aterials have show n that 

there are certain configurations w here asym metric facets have lower energy 

than  sym m etric  facets (Wolf et al. 1992) M oreover, g rain  boundaries that 

com bine tw o dense-packed planes (low-index) tend to have low energies. The 

YBCO films are grow n under conditions that are very close to therm odynam ic 

equilibrium , at relatively slow grow th rates in a fully oxygenated environm ent 

(see chap ter III). This suggests tha t these asym m etric facets could be the 

therm odynam ically favored orientation.

The g rain  boundary  plane m aintained the asym m etric faceting even 

w hen the macroscopic sym m etry w as changed. There were some regions w here 

the b o u n d a ry  d id  no t m icrofacet (see figure 4.29). In  figure 4.29 tw o 

asym m etric (100)(110) facets are connected w ith a region that is not completely 

microfaceted (even though it does contain some microfacets). Approximately 

70%(±10%)of the grain boundary appeared to be faceted. This estimate is from 

ex tended regions w here the faceting could be determ ined  in a photoresist 

prepared  sam ple. Therefore the asymmetric facets are expected to dom inate the 

transport properties of these samples.
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Figure 4.29. Two asym m etrically  faceted regions of the g rain  boundary  
connected by an unfaceted region.



203

Figure 4.30a. A HREM image of an asymmetric facet. There is a small step in 
the boundary accommodated by a reversal in symmetry.
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Figure 4.30b. A  40 nm  long asym m etric facet along a grain  boundary. The 
b o u n d ary  m ain tains the g rain  struc tu re  to w ith in  one p lane  of the grain  
boundary  plane.
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The grain boundaries appear to be very well structured (see figures 4.30a- 

b). A ny distortion from  strain  appears to be localized a t the grain boundary  

p lane , an d  one lattice d im ension  in  e ither d irection. H igh  reso lu tion  

sim ulations of the boundary  w ere m ade using a sim ple rig id  m odel of two 

grains and  reordering the grain boundary  plane to insure that the atom s were 

spaced sufficiently apart. A through focal series for a thickness of 114 A  for one 

of the sim ulations is show n in figure 4.31. The sim ulation is m atched to two 

im ages of a series show n in figure 4.32. The experim ental im age of the grain 

boundary  structure is aperiodic, and has variations in the local structure. A 

perfect m atch betw een the sim ulation and the im age is difficult because of the 

com plexity  of the  grain  boundary  s truc tu re  and  the varia tion  a long  the 

boundary. Therefore this m odel only attem pts to highlight a few basic points. 

The boundary  has the lightened contrast and  streaks seen in the sim ulation. 

This contrast w as highly dependen t on the oxygen placem ent a t the grain 

boundary. The oxygen cannot be observed directly, but the effect of the oxygen 

arrangem ent can be seen. The slight bending  of the lattice plane im m ediately 

adjacent to the boundary  p lane is also visible. The dark  holes along the 

bo u n d ary  are m atched by the  sim ulation. From  the m odel u sed  in  the 

sim ulation, the boundary appears to be disordered in a region w ith  a total w idth 

of 4 A about the grain boundary plane. The image sim ulations were perform ed 

w ith the considerable assistance of Dr. H ong Zhang.

The uniform  asymmetric facets at the boundary  and the lack of 

second phases indicate a cleaner boundary than others analyzed such as the bi- 

epitaxial boundaries. Theoretical calculations of the critical curren ts across 

sym m etric vs. asym m etric suggest tha t asym m etric g rain  boundaries can
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Figure 4.31. HREM through focal series sim ulation from 0 defocus 
in -100 A steps (upper right to lower left going dow n the columns). 
The thickness is 114 A.



Figure 4.32a. HREM image and sim ulation of a sputter-induced 
epitaxy grain boundary. The simulation is at 400 A defocus and 
sample thickness of 114 A.



Figure 4.32b. HREM image and simulation of grain boundary 
junction. The simulation is for a defocus of -700 A and a sampl 
thickness of 114 A.
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su p p o rt h igher critical currents. (Meilikhov 1994) This is consistent w ith  the 

large critical currents supported  by the boundary  relative to the bi-epitaxial 

sam ples (discussed in detail in chapter VII and appendix I). Also the periodicity 

in  the  m agnetic field m easurem ents suggest length scales of uniform  critical 

cu rren t densities. The m icrostructure supports this property  relation and will 

be  d iscussed  in detail in  chapter VII and appendix  I, w hich com pares the 

sputter-induced junctions and the bi-epitaxial junctions.

IV.3.3. Parallel Electron Energy Loss Spectroscopy

O ne grain  boundary  w as analyzed w ith  parallel electron energy loss 

spectrosopy (PEELS) to study  the hole carrier concentration along the boundary 

(see chap ter II.). Superconductivity in YBCO has been attributed to 2p hole 

states. These hole states have been show n to cause a characteristic pre-edge 

structure  on the  oxygen K edge. Several groups have correlated the pre-edge 

s tru c tu re  in the  electron energy  loss oxygen peak  to the 2p hole carrier 

concentra tion  (N ticker et ah 1988; N iicker et ah 1989; B row ning et ah 1992; 

Browning et ah 1993; D ravid et ah 1993). The ratio  of the pre-edge intensity to 

the  m ain  edge intensity has been related to the transition tem perature of the 

m aterial. In this experim ent the absolute relation to Tc w as not determ ined, so 

only relative com parisons are m ade. The m easurem ents w ere m ade w ith the 

assistance of Dr. Yunyu W ang.

A n electron transparent sam ple w ith several grain boundaries w as made. 

The sam ples w ere p repared  w ith  specific atten tion  to m inim izing dam age 

du ring  preparation  (see C hapter III.). The specim en w as cooled to -90° C to 

m inim ize beam  dam age du ring  the experim ent, low er tem peratures w ould
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som etim es resu lt in  ice form ing on  the sam ple. A th in  region w ith  a grain 

boundary  was found w ith  a zero loss to low loss intensity ratio of 10:1. The cold 

field em ission gu n  HF-2000 w as used  at 200 kV accelerating voltage w ith  a 

G atan  666 PEELS spectrom eter. The sm allest p robe  size w as used , and 

m easured by im aging the probe (found to be 2 nm  m axim um  diameter). The 

m inim um  probe step size w as used and calibrated using im ages of the probe. 

The step size w as 2 nm  in  all the m easurem ents. The m easurem ents presented 

are from  the sam e session to insure sim ilar scope and sam ple conditions for 

comparison.

The PEELS spectra  w ere taken  in diffraction m ode (called im age- 

coupling) w ith  a spectrom eter collection angle of 10-15 mR. The sam ple w as 

tilted slightly off the m ajor zone axis to avoid channeling conditions that could 

m odify the spectra. The diffraction pattern  insured that the probe w as at the 

grain boundary  or in  the grain. Consecutive spectra w ere m easured 8 tim es for 

0.8 seconds and analyzed to verify that there was no noticeable change in the 

spectrum  over tim e from  drift o r beam  dam age. The 8 spectra w ere then 

sum m ed to increase the counting statistics. Care w as taken to note w hether the 

beam  drifted or not du ring  each acquisition, and only the spectra taken w ithout 

drift are used in these results. No noticeable beam  dam age w as detected in the 

spectra during  the session.

Two typical spectra are show n if figures 4.33a-b. The background was 

fitted using a pow er-law  fit and then subtracted. The rem aining peak w as then 

sm oothed and fitted using a two Gaussian fit. The error w ere determ ined using 

the m axim um  errors in the fit.
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Figure 4 .33a. PEELS spectrum  o f  a  grain region in the sam ple w ith the tw o  
gaussian fit.
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Figure 4 .33b. PEELS spectrum o f  a grain boundary region in the 
sample with the tw o gaussian fit.
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Figure 4.34. Seven spectra from along the grain boundary.



Pre-edge intensity in grain

0.08

0.06-

£  0.04-
N

£  0.02 - o
2

20 25 30■5 0 5 10 15
Distance Along Grain Boundary (nm)

Figure 4.35. Normalized pre-edge intensity along the grain boundary in 2 nm  
steps. Grain pre-edge intensity is denoted by the dashed line, the error bars for 
the grain are as large as in the boundary.
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A series of spectra along a grain boundary are show n in figure 4.34. 

These spectra are every third spectrum  taken along the grain boundary  .The 

spectra  w ere taken in 2 nm  steps along a grain boundary . They show  

rem arkable similarity in  the pre-edge structure and intensity. The results of the 

norm alized pre-edge intensities from all the spectra along the grain boundary 

are in figure 4.35. There appears to be no variation along the boundary within 

statistical error. The m axim um  norm alized intensity observed under these 

conditions in  the grain  w as 0.0775, indicating tha t statistically the grain 

boundary  is not depleted in hole carriers relative to the grain region. Absolute 

quantification was not m ade due to the lack of a characterized standard.

To w ithin the resolution of the probe size, 2 nm, there was no variation in 

the hole carrier concentration along the boundary. The entire boundary d id  not 

have statistically significant variations in concentration along this region. This 

resu lt suggests that regions of the boundary  can have relatively consistent 

concentrations of hole carriers along their length to w ithin the resolution of the 

technique.

IV.4. Conclusions

Sputter-induced epitaxy is a unique and sim ple m ethod to form  high 

quality grain boundary junctions. This is one of the first strictly pre-grow th ion 

treatm ents that has modified the epitaxial relationship between the thin film and 

the substrate  in any m aterials system. The overrid ing advantages o f this 

technique are its sim plicity and versatility. Grain boundary  junctions w ith 

relatively  large critical cu rren t densities can be form ed using  standard  

equipm ent including a low voltage ion mill and an OMCVD grow th system.
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This is com pletely com patible w ith  m odem  industria l processes and  can  be 

scaled up  for large scale production. The versatility is apparent in the ability to 

form  junctions in virtually any configuration. The size lim itation on patterning 

feature size is in the photo lithographic resolution of the m asks used . The 

sp u tte r-in d u ce d  ep itaxy  sam p les have been  fo rm ed  co n sis ten tly  and 

reproducibly w ith favorable transport characteristics. The technique is planar, 

w hich is an advantage for m ultilayer systems.

RBS and AFM w ere used  in conjunction w ith  a variety  of pre-sputter 

conditions to study the m echanism  causing the m odified epitaxy. The results 

indicate that both im planted argon and tungsten could play an  integral role in 

the process. The conditions for all the sam ples that had  the m odified epitaxy 

resulted in im planted argon and tungsten. These ions could create a d istorted 

lattice param eter by their positions in the lattice, therefore favoring the 45° 

rotated epitaxy. There is the possibility of surface chem istry effects d u e  to the 

ion im plantation. The AFM results also suggest that a specific type of dam age 

associated w ith  the ion im plantation  could be  necessary to control the  film 

orientation. Therefore a com bination of surface disorder and ion im plantation 

play a role in the modified epitaxy.

The grain boundary  structure  has been  show n to form  relatively long 

(hund reds of nm) stra igh t asym m etrically  faceted g rain  boundaries. The 

boundaries are free of second phases. Since the film is grow n on MgO on both 

sides of the boundary there is no preferential precipitation along the boundary  

unlike o ther types of sam ples. HREM im ages and sim ulations indicate that 

there is a localized d isordered region, 4 A w ide, a t the boundary . The grains 

m aintain their structure up  to the boundary. PEELS m easurem ents indicate a
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statistically constant hole carrier concentration at the grain boundary relative to 

the grain, w hich rem ains consistent along the boundary  to w ith in  the 2 nm  

probe size.

There are some draw backs to this technique. First it is lim ited to a bulk 

M gO substrate, which is not always favorable. Chapter V describes a technique 

to use  other bulk  substrates to overcome this disadvantage. The other drawback 

is the  fixed m isorientation of 45°, which has inherently lower critical current 

densities than  low er angle boundaries. O ther types of high-Tc films w ith  

sim ilar lattice param eters can be tried on MgO, bu t unfortunately high quality 

phase pu re  and epitaxial single crystal thin films in the b ism uth and thallium  

system s have only recently been developed. The obvious advantages of other 

high-Tc m aterials w ould be the higher critical currents of the junction.

A m ore complete understanding of the mechanism will allow translation 

of the  technique to other m aterials systems. Of particular interest w ould be 

system s w here grain boundaries play a crucial role in desired properties, e.g. 

ferroelectrics. By controlling epitaxy w ith a sim ple pre-grow th treatm ent, grain 

boundaries can be placed in virtually any configuration.



V. Multilayer Sputter-Induced Epitaxy

O ne of the  m ajor d raw backs of the  spu tter-induced  epitaxy grain  

boundary  junctions is that they are form ed oh bulk  MgO substrates. Despite all 

the favorable aspects of MgO, there are m any  applications, such as integrating 

w ith sem iconductors, w here other substrates w ould  be more desirable. The use 

of M gO is also not preferable sim ply due  to the rough surface structure of the 

bulk substrates and  hygroscopic properties (see figure 4.7). A  m ethod to form 

sputter-induced epitaxy grain boundary  junctions on a  bulk substrate other than 

M gO is discussed in  this chapter.

V .l. G rain  Boundary Form ation

There are two basic w ays to circum vent the problem  of using a bulk MgO 

substrate. The first m ethod is to use spu tter induced epitaxy w ith  YBCO on 

other bu lk  substrates. In  principle, if the m echanism  to induce the m odified 

epitaxy is not unique to MgO, other bulk  substrates could be used. The pre­

sputtering  treatm ent of different m aterial substrates has no t yet p roduced  a 

m odified epitaxy in the th in  film  (see chapter IV).

The second m ethod  to  form  spu tter-induced  epitaxy junctions on  a 

different bulk substrate is to use m ultilayers. The idea is to deposit an  epitaxial 

thin film layer of (100) M gO on  a  bulk substrate other than MgO. The thin film 

is then patterned and  sputtered  w ith  a pregrow th  treatm ent of 200-300 eV low 

voltage ions. A  YBCO th in  film  is then  deposited  on the M gO film. The

resulting film has a cube-on-cube orientation on the unsputtered region and an
219
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epitaxy rotated 45° about [001] on the pre-sputtered region of the multilayer.

It is no t obvious that the ion beam  pretreatm ent on a MgO m ultilayer 

th in  film  w ou ld  m odify the YBCO epitaxy. Bulk M gO typically has a 

contam inated surface due to its hygroscopic properties. The mechanical and 

chem ical processes in m aking an epitaxial polish on the substrate further 

dam age the surface. The damage often results in a substrate that can be tilted as 

m uch as 1° from  the desired [100] orientation. The final polish also leaves 

im purities and etch pits on the surface as illustrated using AFM in figure 4.7. It 

has been show n that even slight contam ination of the substrate can cause the 

film  to grow poly crystalline in an uncontrolled fashion (Olsson 1994; Ramos et 

al. 1993). The M gO thin film could potentially have a m uch sm oother surface 

than  the bulk. AFM images of .the MgO m ultilayer (Dean et al. 1995) indicate 

that the surface is smoother than the bulk and is obviously m ore pristine since it 

does not go through any polishing steps. If the sputter-induced epitaxy is 

caused by the modification of a contaminated surface, then the technique should 

no t modify the epitaxy of YBCO on a high quality epitaxial MgO thin film.

V.1.1. Sputter Induced Epitaxy Conditions

Figure 5.1 represents a schem atic of the m ultilayer sputter-induced 

epitaxy process. A n MgO film is deposited on a (100) LaA103 substrate using 

POMBE. In order to form a highly epitaxial (100) MgO film, a buffer layer was 

used  to reduce the strain  betw een the film and substrate (about 10% misfit 

betw een MgO (100) and LaA103 (100)). Two different buffer layers were used, 

YBCO (approxim ately 120A) or 10-20 A of CuOx (0<x<l). The buffer layer 

thickness was optim ized by determ ining the thickness that m inim ized the full
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Figure 5.1a-b. Schematic diagram  of the multilayer sputter-induced epitaxy 

process.
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w id th  a t half m axim um  (FWHM) of the x-ray rocking curve of the MgO (200). 

The FW HM  of the films used, varied betw een 1.08° and 0.88°, w hich are the 

highest epitaxial quality films reported grown using OMCVD. The film grow th 

is described in detail elsewhere (see Dean et al.(Dean et al. submitted)).

A fter the film is grow n, the sam ple is then  partially  covered w ith  a 

hardbaked photoresist mask. The uncovered portions of the MgO layer is then 

irrad ia ted  using  low  voltage argon ions (200-300 eV) w ith  1 m A /cm ^ ion 

curren t density  for 3 m inutes a t 90° incidence to the sam ple surface. These 

conditions w ere not varied for the different samples.

A YBCO film is then deposited on the sam ple w ith a thickness betw een 

2000 and  3000 A. The film  grew  w ith  a cube-on-cube orientation on the 

unsputtered  areas of the substrate. O n the pre-sputtered regions the orientation 

relation betw een the th in  film and the substrate was YBa2Cu307-x [001] I I MgO 

[001] and  YBa2Cu307-x [100] I I M gO [110]. Therefore the m odified epitaxy 

m atched the epitaxial conditions for YBCO films grow n on  bulk MgO. This 

im plies th a t there is no  connection betw een the m odified epitaxy and  the 

typically  contam inated  bulk  surface. The technique m odified the epitaxy 

successfully on several different m ultilayer thin film s grow n during  different 

runs, indicating that the technique is reproducible.

V.1.2. Surface M orphology

The M gO thin film w as already show n to have a very  sm ooth surface 

(Dean et al. 1995). The YBCO thin  film quality w as highly  dependen t on 

specific grow th  conditions. The films were usually optically reflective, b u t SEM 

analysis of the film surface show ed largely varying surface morphologies. Often
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copper oxide precipitates w ere form ed on  the sam ple due to excess copper 

during  film growth. There w as no preferential precipitate form ation along the 

grain boundary , which is im portan t for m axim izing the contact area betw een 

the two grains along the boundary.

Figure 5.2 is an SEM im age of a YBCO film  grow n on a m ultilayer 

substrate. The grain boundary  w as not discernible using norm al secondary 

electron im aging techniques. Using EBSP it w as identified and lies between the 

arrow s in  the image. The corresponding backscattered diffraction patterns are 

show n in the insets. There are som e copper rich precipitates that are generally 

less than  1 |im ^ in size. The precipitation concentration on the surface is 6 per 

100 jim^, w hich is extrem ely sm ooth. The precipitates clearly do not line up 

along the boundary. The good surface quality could indicate that better YBCO 

films can be grown on a m ultilayer substrate than a bulk MgO substrate, due to 

the sm oother surface of the MgO film com pared to the rougher surface of the 

bulk substrate.

A nother SEM image of a YBCO film on  a m ultilayer substrate is shown in 

figure 5.3. This image has a 5 Jim w ide strip  that w as sputtered  and had  a 

m odified epitaxy relative to the rest of the sam ple. This indicates that the 

technique can be used on  this sm all scale for num erous junction applications 

(one exam ple is a series of junctions to increase the voltage that can be applied 

across the chip). In principle, the ultim ate resolution of the technique could 

depend on  the photolithographic capabilities.

The m odified epitaxy occurred across the entire pre-sputtered 

region of the substrate. In this particular sam ple (figure 5.2) there were no other 

epitaxial conditions detected. D epending on the grow th conditions, there
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Figure 5.2. A n SEM im age of a m ultilayer sputter-induced epitaxy grain  
boundary  junction. The grain  boundary  lies betw een the tw o arrow s. The 
correspond ing  backscattered electron Kikuchi pa tterns (insets) show  a 45° 
ro tation  abou t the [001] axis. The sam ple is inclined relative to the beam  to 
maximize grain boundary  contrast.
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Figure 5.3. An SEM image of a 5 |im  w ide strip of rotated grain form ing two 
parallel junctions. The sam ple is inclined relative to the beam  so the m icron 
m arker is only valid in the direction along the boundary.
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w ould be an occasional unrotated grain  on the pre-sputtered region (<1%). The 

grain boundary  w as very abrupt, and  no  m eandering could be seen to w ithin 

the resolution of the EBSP technique (< 1 |im).

V.2. T ransport Properties

An indiv idual g rain  boundary  from  a YBCO th in  film grow n on a 

m ultilayer w as isolated. A 35 Jim w ide m icrobridge was form ed as described 

previously in chapter ID. The boundary  had  an isolated grain, and  allowed 

independent low tem perature m easurem ent of both the grain and the boundary.

V.2.1. Resistance-Tem perature

The resistance vs. tem perature behavior of the sam ple using a m easuring 

current of 0.5 pA is show n in figure 5.4. The grain has a relatively high Tc of 88 

K indicating a good quality film. The grain boundary  has a slightly b roader 

transition than  the grain, w ith  an ab rup t transition onset a t 89 K and a distinct 

foot-like structure at the base that finally goes superconducting a t 84 K. This 

indicates a w eak link junction of a single grain boundary d u e  to the shape of the 

foot structure (see chapter IV for com parison w ith a poly crystalline region). The 

resistance of the foot is from  TAPS due  to the low er critical cu rren t o f the 

boundary  particu larly  close to the transition  tem pera tu re . W ith a 1 pA 

m easuring current the foot extends to about 74 K, which is still a valid regime 

for TAPS to occur. The norm al state resistance above Tc has the usual linear 

metallic behavior. The grain boundary  region has a slightly higher resistance 

com pared to the grain, m ostly from the resistance of the grain on the other side 

of the boundary.
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V.2.2. Gurrent-Voltage

The m ultilayer sp u tte r induced grain boundary  has typical weak-link 

current-voltage characteristics. Figures 5.6a-c. show  the I-V characteristics of 

the grain boundary  junction at different tem peratures. The junction behavior 

can be m odeled w ith the RSJ model using no capacitance (pc=0). Figure 5.6b. is 

the TV characteristic a t 40 K m odeled using the RSJ m odel, exhibiting an 

excellent fit to the data. There is only a slight deviation near the transition due to 

the rounding  of the experim ental data  due to noise effects. The RSJ fit allows 

accurate p red ic tion  of th e  junction  behavior for m icroelectronic device 

applications.

The shape of the I-V curve indicates that there is only one high angle 

grain  boundary  along the junction, as described in chapter IV. The critical 

current density is 5 x 10^ A /cm ^  at 5 K and 7 x 10^ A /cm ^ a t 60 K. The shape of 

the curve changes from RSJ-like at low tem peratures to more of a flux-flow type 

of curve at h igher tem peratures as was also the case for the sputter-induced 

grain boundaries on bulk samples. The grain boundary critical current densities 

are about a factor of 10 less than the values for the boundaries on the bulk 

samples. The IcRn product is 52.5 |TV at 5 K and 8 |iV at 60 K, which again is 

relatively low com pared to the values necessary for certain applications. This 

could be due  to the quality of the MgO layer or YBCO layer being less than 

ideal. The entire process is still being optim ized, and in principle there are no 

fundam ental lim itations that w ould prevent the grain boundary  from having 

the same large critical current densities achieved on the bulk substrates.

The TV characteristics for different tem peratures are all p lotted on  a 

single graph in figure 5.7. This emphasizes the decreasing critical current and
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the change in the shape as the tem perature is increased. Figure 5.8a. is the 

critical current as a function of tem perature. There is the usual decay w ith 

tem perature similar to the behavior seen in the sputter induced epitaxy samples 

on the bulk  MgO with a fit to (1-T/Tc)^. Another notable aspect is a decrease in 

the norm al state resistance as the tem perature is increased. Figure 5.8b. is the 

norm al state resistance as a function of tem perature show ing a relatively linear 

decrease. This w as also seen in some of the sputter-induced grain boundaries 

on bulk MgO and in the bi-epitaxial substrates. The decreasing resistance is 

typical of semiconducting behavior as discussed previously indicating that there 

are therm ally activated resistive channels parallel to superconducting channels.

V.2.3. M agnetic Field Behavior

The critical cu rren t w as m easured as a function of m agnetic field. 

Figures 5.9 and 5.10 show the magnetic field behavior applied in  two different 

directions. The first m easurem ent is for the magnetic field applied parallel to 

the grain boundary and norm al to the sam ple surface. The second m easurement 

applies the field parallel to the grain boundary  and parallel to the film surface. 

The m in im um  voltage is the m axim um  critical cu rren t (details of the 

m easurem ent technique are specified in Chapter HI).

The results for the field perpendicu lar to the film  surface show  the 

m axim um  critical current occurring slightly below zero field. The critical 

current had a relatively sharp drop off, and has relatively large fluctuations for 

small variations in the applied field. There appears to be m inim a at 8 G and -7 

G, ad jacen t to tw o lobes th a t have a w id th , AB, of a b o u t 3 G.
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The pattern  is symmetric as expected for the d.c. Josephson effect. The minim a 

never reach zero w hich is consistent for a non-uniform  distribution of the critical 

current across the junction. A slight hysteresis is observed as the m agnetic field 

is increased and then  decreased and  is caused by trapped  flux along the 

boundary. The curve is reproducible, other than the offset from  the hysteresis.

The Patterson function of this data is show n in figure 5.11. The resulting 

function is a M oire interference pattern of two superim posed frequencies. This 

effect can arise from  junction size effects, w hich cause the penetration of the 

field no t only in the norm al regions b u t also in the superconducting areas. This 

suggests a m ore uniform  current d istribution than seen in the sputter-induced 

epitaxy junction and is still consistent w ith  an asym m etric parallel junction 

model. The data is explained in more detail in chapter VII and  appendix I.

W ith the  m agnetic field applied  parallel to the film  surface a m uch 

sm oother curve is obtained. The lack of sm all m odulations is because the 

"width" of the boundary  is only the  film  thickness. Therefore the  sm aller 

m odulations that correspond to larger real distances are not observed. The 

behav io r of the junction  w as reproducib le  and did no t show  significant 

hysteresis. This suggests a non-uniform  penetration  o f the field in  this 

direction. Field penetration along the a-b axis w ould force screening currents 

along the c-axis. The major point is that there is penetration of the field creating 

a m odulation in the Ic(B).

V.3. Conclusions

M ultilayered sputter induced grain  boundary junctions w ere form ed on 

(100) MgO thin  films deposited on (100) LaA103- This proves that the sputter
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induced epitaxy technique is not linked to the bulk substrate surface properties 

th a t significantly differ from  a deposited  thin film. There are no inherent 

barriers to im proving the transport properties of these junctions to those of the 

bu lk  spu tter induced junctions. The im provem ent in properties should come 

w ith  higher quality films that are already being made.

There are several im portan t technological im plications o f junctions 

form ed on m ultilayers. The major implication is that spu tter induced epitaxy 

grain  boundary  junctions can be form ed on virtually any substrate that a high 

quality epitaxial (100) MgO film can be deposited. The MgO thin films in this 

experim ent are at least 1000 A thick, so there should not be any bulk substrate 

effect on the YBCO film. U sing different substrates simplifies integration of 

g rain  boundary  junctions into other m aterials system s that are incom patible 

w ith  bulk M gO substrates. The technique m aintains all the advantages of the 

spu tter induced junctions on  the bulk substrate discussed previously including 

versatility , reproducib ility  and  sim plicity. For m ultilayers it is also very  

im portant that the technique is p lanar for subsequent film depositions. O ther 

m ultilayer system s are currently  being explored including GaAs and SrTi03 

bulk  substrates.

U ltim ately if the ion im plantation m echanism is better understood and 

can be utilized in a different m aterials system, the technique can in principle be 

used to control epitaxy in other m ultilayer materials. Simple control of epitaxial 

relations for m ultilayered designs can be potentially extremely valuable, such as 

for ferroelectric m aterials in controlling dom ain size. The technology uses 

standard  industry  thin film grow th equipm ent (OMCVD grow th technique and 

a low  voltage ion source) that can easily be m odified and scaled for production.



VI. Bi-Epitaxial Grain Boundary Junctions

The bi-epitaxial process w as developed by C onductus as a m ethod to 

form thin  film grain boundaries in YBCO. These junctions were used in SQUIDs 

as one of the first commercial products available using the high-Tc materials. 

This technique (described in more detail in sections II.4 and ffi.2.1) uses a seed 

and  buffer layer to create two different epitaxial conditions on a substrate for a 

deposited  YBCO thin  film. The bi-epitaxial boundaries are 45° [001] tilt grain 

boundaries that have the sam e m isorientation as the spu tter induced epitaxy 

junctions discussed previously.

Two sets of grain boundaries, one grow n by  POMBE and one grow n by 

pulsed  laser deposition (PLD), are compared. Individual grain boundaries were 

iso lated  for d irect transport m easurem ents, subsequently , the sam e grain  

b o u n d a rie s  m easured  w ere th inned for TEM and HREM m icrostructural 

analysis. The tw o different grow th techniques yielded sam ples w ith  resistive 

and superconducting boundaries. The transport properties are directly related 

to the m icrostructure to gain an understanding of the grain boundary w eak link 

behavior.

V I.l. T h in  Film  G row th

A set of bi-epitaxial substrates w ere m ade w ith 100 pm  spaced parallel

grain boundaries. The junctions were designed so that the transport properties

of tw o grain boundaries on the sam e sam ple as well as the grain in betw een

could  be m easured . The 100 pm  spacing also allow ed an oppo rtun ity  to
242
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successfully m ake an electron transparent sam ple of the m easured boundaries. 

YBCO thin films w ere deposited using POMBE (grown by D.B Buchholz, K.A. 

Dean and R.P.H. Chang from N orthw estern University) and PLD (grown by G. 

Zaharchuk and K. Char from Conductus) for comparison of grow th techniques. 

These techniques are described in m ore detail in sections IL2.4.1 and m.2.2.

All of the sam ples w ere optically reflective indicating good quality film. 

H igher m agnification images, using the SEM, show ed that the film surface 

structure varied significantly from sam ple to sample. Figure 6.1a. is a secondary 

electron image of a POMBE grow n bi-epitaxial grain boundary junction. The 

two inset EBSP diffraction patterns confirm that the films are all [001] epitaxial. 

The [103] axis is show n to rotate by  45° about the [001] indicating a grain 

boundary formed w here the grains meet.

The two grains have significant precipitation of copper rich precipitates. 

O n these substrates, for the bi-epitaxial process, one of the grains is grow n on 

C e02  and the other grain is g row n on SrTi0 3 . As show n in figure 6.1, the 

precipitation varies depending on w hich substrate m aterial the YBCO film is 

grown. Figure 6.1b shows a sam ple w ith a high density of smaller precipitates 

on  the SrTi0 3  region. In other sam ples this condition was reversed, and the 

higher concentration of precipitates form ed on the Ce02 (figure 6.1c-d). The 

precipitates also appear to line up  along the grain boundary, w hich proves to be 

detrim ental for transport p roperties (see figure 6.1d). The variation in  the 

surface m orphology between the grains on the different substrate material, is of 

significant concern. The grow th  conditions necessary to optim ize the surface 

sm oothness on  SrTi03 is different from those needed to grow sm ooth films on 

Ce02- C ertain conditions can m inim ize this effect, bu t the tw o grains will
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Figure 6.1a. SEM image of tw o parallel bi-epitaxial grain boundaries 100 J im  
apart. The inset backscattered electron Kikuchi patterns confirm the 45° rotation 
abou t [001]. The difference in  precipitation in the tw o grains is d u e  to the 
substrate m aterials used.
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Figure 6.1b. Secondary electron image of a POMBE grow n bi-epitaxial 
grain boundary junction. The density of precipitates is higher in the 
YBCO grown on the cerium oxide substrate region.



Figure 6.1c. A secondary electron image of a set of bi-epitaxial 
grain boundary junctions. The higher concentration of smaller 
precipitates are in the YBCO grown on the strontium  titanate 
regions of the substrate.
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Figure 6.1d. A secondary electron image of a bi-epitaxial grain boundary 
junction. The higher concentration of precipitates is in the YBCO 
grown on the strontium titanate.
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generally have different surface structures. The im plications of the different 

g ra in  qualities are m anifested in the transport characteristics w hich are 

discussed below.

VI.2. T ransport Properties

Ind iv idual grain  boundaries w ere isolated for cryogenic transport 

m easurem ents as discussed in  section m.2.3. The grain boundaries were m ade 

so that two separate grain boundaries could be m easured at one time, as w ell as 

the grain in  between. The following section discusses the transport properties of 

the bi-epitaxial junctions and  in particular highlights the differences betw een 

the POMBE grow n and the PLD grown samples.

VI.2.1. Resistance-Tem perature Characteristics

Figures 6.2a-c. show  the R-T behavior for a POMBE grown thin film 

junction. The grain has a norm al linear decrease from room tem perature to the 

transition tem perature. The transition tem perature for this sam ple is 90.5 K, 

w ith  a w idth of approxim ately 1 K. Both the high transition tem perature and 

the narrow  transition w idth  indicate that the grain is of high quality. The grain 

boundaries, however, have a starkly different behavior from the grain and from 

o ther grain boundaries m easured. The d R /d T  above the transition for the 

grains is almost flat (as opposed to the positive slope seen for the grain). This is 

particularly intriguing since the grain clearly has a linear decrease in resistance 

w ith  tem perature. At the transition tem perature, there is a sharp decrease in 

resistance that can be attributed to the transition in the grains on either side of 

the boundary. Below the critical tem perature of the grain, there is an  increasing
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resistance w ith  decreasing  tem pera tu re , w hich  is linear to the low est 

tem perature measured.

In  the m easurem ent, the channel that m easures the voltage drop across 

the grain boundary  consists of the two grains on either side of the boundary as 

well as the boundary itself. Below Tc the grains are superconducting so all the 

resistance is from the grain boundary. Above the grain Tc, the resistance of the 

m easurem ent channel across the grain boundary is the sum  of the two grains 

and the grain boundary. If the two grains are assum ed to have approximately 

the sam e resistivity, the grain  resistance can be subtracted from  the total 

m easured resistance to determ ine the grain boundary resistance. Figure 6.2c 

shows the grain resistance rem oved from the channel across the grain boundary. 

There is a linear decrease in resistance from 20 K to 175 K. This indicates that 

there is a therm ally activated transport process because of the decreasing 

resistance w ith  increasing tem perature a t the grain boundary  and suggests 

sem iconducting type behavior. This behavior is well m odeled w ith a se t of 

therm ally  activated  para lle l conduction  pa th s along the  boundary  (see 

discussion in  section IV.2.1.1). The fit to this m odel gives values for Rq (24.78 

O hm s and 19.05 Ohms), P (0.0182/K and 0.0151/K ), and Em in (0.0123 eV and 

0.0111 eV) for each of the boundaries. The m agnitude of Rq scales w ith p, 

indicating that the higher the 0 K resistance, the m ore parallel conduction 

channels exist. The R-T behavior indicates that there is no superconducting 

path  that could support the m easuring current (1 pA) at any temperature. These 

grain boundaries will be referred to in this text as "resistive".

O ne sam ple used for 1 / f  noise m easurem ents described below had  a 

transition a t low tem perature to the superconducting state. The resistance of the
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grain boundary below Tc was increasing w ith decreasing tem perature as seen in 

other POMBE samples, bu t at very low tem peratures and m easuring currents, a 

transition w as seen. This indicates that the therm ally activated channels lie in 

parallel to superconducting  paths. The to tal num ber of superconducting  

channels is inversely proportional to the am ount of superconducting regions, as 

can be seen by the different norm al state  resistances of the superconducting 

grain boundaries and the resistive boundaries. This will be discussed in m ore 

detail in chapter VII and appendix I.

The R-T behavior of the PLD grown sam ples is m arkedly different from 

the POMBE grow n samples. Figures 6.3a-c. show  the R-T characteristics of a 

PLD grow n bi-epitaxial junction. The grain  and the tw o grain  boundaries 

m easured all have linearly decreasing resistance w ith tem perature above Tc (see 

figure 6.3a.). The grain m easured has a relatively ab rup t superconducting  

transition  onset a t 86.5 K, and goes superconducting  a t 85 K. The grain  

boundaries both have a transition onset a t 88.5 K, where the  resistance changes 

from 6 ohms to 4 ohms. There is a second transition, or "hump", at 86.5 K w here 

the resistance drops to 0.5 Ohms (see figure 6.3c.). The transition then has a 

foot-like structure, indicating a finite grain boundary resistance dow n to almost 

40 K, before going fully superconducting (see figure 6.3b.).

The transition of the grain boundary has two separate onsets and a foot­

like structure at the base of the transition. The first onset is from the grain on 

one side of the grain  boundary  (which in  th is situation  is no t m easured 

separately). It has a Tc of 88 K, which is 3 K higher than the other grain. The 

hum p in  the grain  boundary  transition is due to the transition onset of the 

second grain (which is m easured) at 86.5 K. The two grains clearly have
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different transition tem peratures, w hich can be easily understood from  the 

m icrostructural variation observed in the SEM. At tem peratures below which 

both  the grains go superconducting (85 K) the rem aining resistance is directly 

attribu tab le  to  the grain  boundary . The resistance can be  explained by 

therm ally activated phase slippage (Gross et al. 1990). The foot-like structure 

indicates that the grain boundary cannot support a 1 (iA supercurrent dow n to 

40 K. For this type of critical current a finite resistance due to TAPS is expected 

dow n to 40 K due to the small coupling energy of this junction relative to the 

therm al energy.

It should be noted that these junctions were highly sensitive to magnetic 

fields and trapped flux (which will be detailed below). Any rem nant field in the 

system  caused different I-V behavior in the samples due to trapped flux along 

the b o u n d ary  (potentially  from  asym m etric critical currents along the  

boundary). The R-T m easurem ents w ere no t optim ized for maximum critical 

curren t (the m axim um  Ic often was no t a t "zero" field despite great care in 

isolating the sample).

VI.2.2. Current-Voltage Characteristics

The current-voltage characteristics were m easured for the grains and the 

grain  boundaries as w as described prev iously  in  chap ter in . The I-V 

characteristics of the resistive sam ple had  linear ohmic behavior even at the 

lowest tem perature measured, therefore will not be discussed further. Typical I- 

V characteristics for a superconducting bi-epitaxial sam ple is show n in figure 

6.4. Weak link behavior is seen as the grain boundary has a critical current of 

about 0.2 mA (2000 A /cm ^) and the grain rem ains superconducting. The grain
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critical current w as never approached because resistive heating w ould destroy 

the boundary  in  the process. Typically the I-V curve was asymmetric about zero 

current due  to trapped flux along the boundary (see chapter VII and appendixl).

The boundary  has RSJ-like behavior a t low tem peratures as is modeled in 

figures 6.5a-b. The best fit is obtained w ith no capacitance in the junction and a 

slight therm al offset added. There is a slight deviation of the RSJ m odel near Ic 

due  to ro u n d in g  of the critical current onset from flux m otion along the 

boundary (Gross 1992)

The I-V characteristics for several tem peratures are show n in figure 6.6. 

The critical current density varies from 2000 A /cm 2 at 5 K to 700 A /cm 2 a t 40 

K. A t 50 K the I-V curve is already significantly rounded due to TAPS and a 

critical current density can not be m easured accurately. The critical current as a 

function of tim e is p lotted  in figure 6.7. It is fitted relatively w ell w ith a (1- 

T /T c)2 fit. Deviations from the fit are from not having sufficiently accurate Ic 

m easurem ents, and the inability to accurately determ ine Ic above 40 K, w ith the 

onset of TAPS. IcRn products range from  95 pV at 5 K to 28 |iV at 40 K, w hich is 

a very low  value due to the small critical currents of the junction. The normal 

state resistance only decreases slightly from 5 K to 40 K.

VI.2.3. M agnetic Field Behavior

The bi-epitaxial grain boundary  junctions were extrem ely sensitive to 

applied m agnetic fields as small as 0.01 G. The magnetic field strongly affected 

the I-V characteristics of the boundary as show n in figures 6.8a-b. The two I-V 

curves are of the two grain boundaries in the sam e film 100 pm  apart. At -1.25 

G (T=5 K) grain boundary 1 has a critical current of only 0.015 mA and grain
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boundary  2 has an Ic of 0.8 mA. The same boundaries at 1.50 G (T=5 K) reverse 

behavior w ith  grain boundary 1 having a critical current of about 0.08 mA and 

grain boundary  2 being almost fully resistive. The different behavior in the two 

grain boundaries is due to the inhomogeneities of the critical current along the 

boundary  causing non-uniform  penetration of the m agnetic field. The non­

uniform ity is also no t reproducible from grain boundary to grain boundary, 

w hich is w hy the applied field behavior varies significantly even on the sam e 

chip. If the inhom ogeneity along the boundaries is not reproducible, the two 

boundaries behave completely differently. A m odel of the grain boundary that 

describes these characteristics is suggested in chapter VII and appendix I.

The dependence of the critical current on the applied magnetic field w as 

m easured using techniques described in chapter HI. Figures 6.9-6.12. are plots 

of the voltage across the boundary  as a function of applied m agnetic field 

perpendicular to the film surface w ith a current bias. The voltage is inversely 

proportional to the critical current, so the m axim um  critical current is. a t the 

m inim um  m easured voltage.

Figure 6.9 is a plot at T=5 K using 0.01 G steps from 0 to 1 G. The critical 

current has significant oscillations even for very small applied fields. This is no t 

a clean Fraunhofer pattern  as expected for a junction w ith homogeneous current 

flow. Therefore this is an indication that the current flow is non-uniform across 

the grain boundary. From I-V measurements at various points along the curve 

it is know n that the grain boundary is never fully resistive. The slope of the I-V 

curve changes significantly, bu t there is always some transition. The fact that 

the critical cu rren t never goes to zero is also indicative of inhom ogeneous 

current flow across the boundary. This type of pattern  could also be from a
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series of junctions in parallel along the junction if self-inductance, junction 

asymmetry, size effects and non-uniform  junction penetration are included. The 

Patterson  function of this junction does indicate a frequency in  the Ic(B) 

behavior (see figure 6.12b). The frequency is due to very small oscillations (0.11 

G) that also suggest m any junctions in parallel w ith varying critical currents (a 

detailed  explanation is in chapter VII and appendix  I). Figure 6.10 is the 

magnetic field behavior from 1 to -1 G in 0.05 G steps. The basic shape is sim ilar 

to figure 6.9, and again shows strong oscillations in the critical current, bu t does 

no t have a periodicity  because there  w as no t sufficient resolution in  the 

m easurem ent. The m axim um  critical current lies at approxim ately 0.2 G (this is 

w here some of the I-V characteristics w ere taken in the previous section).

A set of m easurem ents w ith increasing and decreasing applied magnetic 

field are show n in figure 6.11. There is a difference in the two plots for two 

reasons. First a hysteresis can be detected by some features being offset. Second 

trapped flux actually modifies some of the peaks in the curve. Figure 6.12 is a 

plot to som ew hat higher fields (18 G) taken w ith  a coarser magnetic field step 

(0.5 G). The basic fluctuations are still p resent in  the curve show ing strong 

oscillations in the critical current. The m agnitude of the variation in the critical 

current at higher fields does not change relative to the oscillations at low  field.

VI.2.4. Noise M easurem ents

A set of low frequency (1 /f) noise m easurem ents were m ade on these 

resistive and superconducting grain boundaries by  Liu et al. (Liu et al. 1995) 

The noise pow er was show n to decrease w ith increasing tem perature for all the 

grain boundaries m easured. The dependence of the noise pow er for a tunnel
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junction w ith  defects is attributed  to changes in the effective charge carrier 

density  or junction transm ission at the barrier.(Liu et al. 1995) This type of a 

m odel suggests tem pera tu re-independen t noise pow er behavior, o r slightly  

increasing noise pow er w ith  increasing tem perature, which w as not seen in the 

grain boundaries.

The noise pow er behavior is m odeled w ith therm ally activated parallel 

conduction paths at the grain  boundary. The sam e m odel is used as for the 

norm al state  resistance w ith  a tem perature independent value and  a set of 

parallel conduction paths (eq. 4.5).

It is assum ed that there are uncorrelated fluctuations for bo th  the tem perature 

independen t and  tem pera tu re  dependen t processes. The norm alized  grain  

boundary  noise pow er is then given by eq. 6.1:

w here  y0 Is the re la tive  conductance fluctuations for the  tem p era tu re  

independent channels. Therefore the noise pow er is dependen t on  the grain 

boundary  norm al state resistance. The m odel fits the data  well for bo th  the 

superconducting and resistive grain boundary  junctions. The resistive junction 

has decreasing noise w ith  increasing tem perature due  to the  fluctuations at the 

boundary . The superconducting  junction also had  a negative slope in the

l+PTexpC-^*-)
kgT

(4.5)

(6.1)
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norm al sta te  un til the  fluctuations from  the g rain  exceeded the noise 

fluctuations from the boundary. The major difference between the resistive and 

superconducting  boundaries is the m agnitude of the noise power, w hich is 

related to the total num ber of parallel channels. A comparable grain boundary 

free epitaxial thin film has an even smaller noise pow er that decreases w ith 

decreasing tem perature (Liu et al. 1994) . This result indicates that there are 

parallel conduction paths in both the superconducting and resistive samples, 

w ith  the num ber or size of conduction paths varying inversely with the critical 

current across the boundary.

VI.3. M icrostructure

VI.3.1. T ransm ission Electron Microscopy

The sam ples that were characterized for transport m easurem ent w ere 

subsequently thinned for TEM analysis. Both resistive and superconducting 

sam ples w ere prepared  in order to compare variations in the grain boundary 

structure. The first analysis w as standard bright f ie ld /d a rk  field im aging to 

determ ine the general m icrostructure of the boundary.

Several bright field images of a resistive grain boundary  are 

show n in figures 6.13-14. The grains have a high density of (110) tw ins w ith 

spacings ranging from 40 nm  to 100 nm. The twins compensate for the strain 

caused by the phase transform ation from a tetragonal to an orthorhom bic 

structure that occurs during  the cooldown from the grow th tem perature. The 

high field m easurem ents of this film indicated that the grain critical current did 

no t dim inish significantly at fields up to 6 T. This is consistent w ith the high 

tw in density, w here the twins can act as flux pinning sites. The rest of the grain
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F igu re  6.13a. B right field  m icrograph  of a resistive bi-epitaxia! grain  
boundary. The two arrows indicate the ends of the grain boundary.



m u QOS
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F ig u re  6.13b.B right field  m icrograph  of a resistive  b i-ep itax ia l g rain  
boundary. The arrow s m arked A show  two different type of disruptions at the 
boundary. The arrow s m arked B show the boundary.
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Figure 6.14. A region of the resistive grain boundary show ing significant 
disruption along the boundary length.



100 nm
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also exhibited precipitation sim ilar to the precipitation at the boundary, w hich 

agrees w ith the SEM images of the sample.

The m icrographs show  grain  boundary m eandering along the length of 

the film. The boundary  deviates by up to 500 nm  from a straight line, which is 

significantly m ore than seen in bicrystal boundaries (from 10-250 nm) (Traeholt 

et al. 1994b; M iller et al. 1995; Alarco et al. 1993) The enhanced m eandering is 

caused for similar reasons as in the sputter-induced epitaxy samples. The first 

effect is from the photolithographic process used to define the boundaries in the 

bi-epitaxial junction (see chapter HI). The photoresist m ask does not produce a 

straight line across the sam ple, rather has some variation along its length. The 

second effect is the enhanced grain growth along the a-b directions in the YBCO 

film. The faster grow th  in these directions allows the grains to interpenetrate 

across the predefined  patterned  lines. Cross-sectional TEM analysis of bi- 

epitaxial grain boundaries confirms that interpenetration occurs, by observing a 

tilted grain boundary relative to the substrate surface (Rosner et al. 1992)

Several stud ies have confirm ed m eandering  of YBCO on different 

substrates Alarco, 1993 #238}(Miller et al. 1995; Traeholt et al. 1994b; McKernan 

et al. 1992). The w aviness of the boundary has been correlated to the growth 

rate w ith slow er grow th  rates producing  a sm aller m agnitude of waviness 

(M iller et al. 1995). By observing the phenom ena on a 24° bicrystal substrate 

w here the second orientation is not a favorable orientation for the film, the 

interpenetration of the grains is show n to be a generic phenomenon. Therefore 

the grain grow th coupled w ith the imperfect photoresist tem plate enhances the 

effect due to the tw o processes involved. The m agnitude of the waviness in the 

POMBE grow n bi-epitaxial sam ple (up to 500 nm) is several times greater than
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the POMBE grown sam ple on  a bicrystal (approxim ately 100 nm),(Miller et al. 

1995) w hich  is consistent w ith  the idea that the  grain grow th  and im perfect 

tem plate  contribute to the effect. The sputter-induced epitaxy sam ples also 

exhibited m eandering on the sam e length scale because the  boundaries are also 

form ed w ith photoresist masks. The major implication of the m eandering grain 

b o u n d a ry  is that the m icroscopic sym m etry varies significantly  from  the 

m acroscopic sym m etry. This has implications for the transport properties as 

discussed in section VIA

The boundaries had  large am ounts of precipitation along their length. 

The p rec ip ita tion  w as determ ined  to be copper-rich  u sin g  EDS. In th is 

particular sample, precipitates formed at the grain boundary  for over 60% of the 

length. The w idth of the precipitates at the boundary varied up  to 200 nm , w ith 

an average value of approxim ately 40 nm. These disruptions at the boundary  

are m uch  larger than  the coherence length  (£a-b = 1-1-5 nm ) and  w ould  

therefore be barriers to the supercurrent across the boundary.

The superconducting grain boundaries exhibited m eandering behavior, 

sim ilar to the resistive sam ples (see figure 6.15). The m agnitude  of the 

m eandering  w as som ew hat sm aller than  th a t of the resistive boundaries 

p robab ly  d u e  to the very  d ifferent g row th  conditions used. The m ajor 

difference on this length scale, is the lack of significant precipitation along the 

boundary. There was an occasional precipitate, bu t only along approxim ately 

10% of the boundary. The lack of precipitation significantly increases the length 

of the boundary that provides a direct contact betw een the grains.



Figure 6.15a. A  b rig h t field im age of a superconducting bi-epitaxial grain  
boundary. The arrow s denote similar locations in the corresponding bright field 
images. The arrow  A is a precipitate at the boundary.
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Figure 6.15b. A dark  field image corresponding to the figure 6.15a. The 
arrows indicate similar positions in the micrographs.
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Figure 6.15c. A dark field image of the opposing grain from figure 6.15b. The 
arrow s indicate sim ilar positions along the boundary. N ote that the region 
denoted by the arrow A remains dark in both images.
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VI.3.2. H igh R esolution Electron M icroscopy

The tw o different boundaries w ere analyzed using HREM to prov ide  a 

m ore detailed analysis of the local grain boundary structure. Figures 6.17-18 are 

high resolution electron m icrographs of the resistive and superconducting grain 

boundaries. The regions w here there w ere no precipitates in the resistive grain 

boundaries the im ages show  a narrow  disordered  region. This d isordered  

region varied  som ew hat in w idth , b u t w as approxim ately  1 nm  w ide. A 

structural d istortion on a length scale of the coherence length  could p revent 

transport, w hich supports the resistive transport properties of this sam ple.

The structure  of the superconducting grain boundary  indicates a m uch 

cleaner b o u n d ary . The b o u n d ary  changes local sym m etry  d u e  to the 

m eandering, bu t will occasionally exhibit asymmetric facets. These facets form 

in the sam e configuration as the facets in the sputter-induced epitaxy samples. 

The orientation is (100) of one grain is parallel to the (110) of the adjacent grain. 

The facets observed only extended approxim ately 50 A, w hich is significantly 

shorter than  observed in the sputter-induced epitaxy sam ples (up to 100 nm). 

The asymmetric facets are well structured up  to the boundary, bu t o ther regions 

along the boundary  appear to be less ordered. Some areas along the boundary  

show  overlap betw een the adjacent grains as expected from  the cross-sectional 

TEM w ork that indicates an inclined grain boundary (Rosner et al. 1992).

It is im portan t to note tha t the beam  dam age on these sam ples w as 

uniform  across the grains and the boundaries. The d isordered region at the 

boundary  d id  not grow w ith time indicating that it w as not beam  induced grain 

boundary  grooving as has been seen a t 400 kV(M cKernan et al. 1992) The 

conventional TEM was done w ith a 100 kV beam, and the HREM w as done w ith
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Figure 6.17. A  HREM image of a POMBE grown bi-epitaxial junction. A 1 
nm  disordered region is seen at the boundary.
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Figure 6.18a. A HREM image of a PLD grow n bi-epitaxial junction. The 
boundary is well structured and exhibits some (100) (110) asymmetric facets.
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Figure 6.19b. A HREM image of PLD grow n bi-epitaxial grain boundary. 
H ie arrow indicates a region where the grain boundary plane is inclined relative 
to the beam direction.
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a 200 kV beam  in o rder to m inim ize any damage. All the sam ples w ere 

p repared  in identical m anner as described in chapter HI. The sam ples were all 

view ed in  the microscope for approxim ately the same am ounts of time, so there 

should be no discrepancy due to effects from the electron microscope.

VI.4. Structure - Property Relations

The com parison of the m icrostructure and transport p roperties of a 

superconductive and resistive sam ple can provide insight into the w eak link 

behavior of high-Tc grain boundaries. The properties of the two boundaries are 

very  different in som e respects, i.e. one is superconducting and the other is 

resistive throughout the entire m easurem ent regime. However, the noise data 

suggests that they inherently have similarities, which vary from the grain. The 

m odel of a series of parallel therm ally activated conduction paths across the^ 

boundary  agrees well w ith the data  for the two samples.

The m icrostructure does indicate differences in the two samples. Both 

chemical and structural effects appear to be important. The resistive boundary 

clearly has a significant length covered by precipitation that reduces the contact 

area across the boundary. The superconductive sam ple definitely does not have 

nearly  as m uch, b u t this is no t sufficient to explain the discrepancy in the 

transport properties. If the resistive grain boundary still had 40% of its length 

superconducting, it w ould be detected by the m easurements, assum ing it had 

sim ilar critical current densities to the superconducting samples. Therefore the 

1 nm  w ide d isordered  region at the boundary probably plays a role in the 

resistivity. A ssum ing a w idth  of 1 nm  along 20 |im  of the boundary w ith a 15 

O hm  resistance gives a resistivity 9 Ohm-cm, w hich is on the order of a
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sem iconductor. There is still the possibility that only very small regions of the 

boundary are superconducting, and cannot be detected. The basis for this is one 

sam ple m easured (Liu et ah 1995) has a transition at very  low tem perature 

(approxim ately 10 K) for a small measuring current. This further supports the 

idea of parallel conduction paths along the boundary.

The microstructure of the superconducting boundary shows m uch better 

connection w ithout significant interruption by precipitates. The boundaries 

features are  definitely inhom ogeneous along its length, which explains the 

significantly different transport properties betw een grain boundaries on the 

sam e sam ple. There is substantial m eandering along the length, and a small 

am ount of precipitation. The actual grain boundary  p lane did have som e 

regions that microfaceted along the (100) and (110) planes of adjacent grains. 

The boundary  plane w as also inclined to the substrate in  certain regions 

suggesting an additional [100] (or [110]) tilt component to the grain boundary. 

All of these features can affect the transport properties. The comparison of these 

[001] tilt boundaries to the sputter-induced epitaxy sam ples w ith identical 

m iso rien ta tion  p rov ides a. m ore com plete p ictu re  of the  role of the 

m icrostructure in  the transport properties (see chapter VII and appendix I). The 

next chapter deals w ith the comparison of all the boundaries discussed to form a 

grain boundary model.



VII. Grain Boundary Model
The developm ent of the  spu tter-induced  epitaxy grain  boundaries 

provides a unique opportunity to compare three 45° [001] tilt grain boundaries 

w ith significantly different transport properties. A m odel is developed that can 

consistently  explain  the tran sp o rt phenom ena observed and  p rov ide  a 

connection betw een structure and property. A description of the m odel is 

m ade, followed by a direct comparison to the results on the boundaries studied 

and in  the literature. The sputter-induced epitaxy junctions, superconducting 

bi-epitaxial junctions and resistive bi-epitaxial junctions are used  for the 

comparison of grain boundaries w ith identical macroscopic m isorientation and 

significantly differing properties. The m ost recent developm ents in the 

assum ptions of this m odel have been incorporated in a paper presented in 

appendix  I. This paper show s sim ulations of the m odel w ith  very good 

qualitative agreem ent w ith the experimental data.

V II.l Asymm etric Parallel Junction M odel

. There are several different m odels for grain  boundaries in  high-Tc

superconductors, w hich were discussed in H3.5. None of these fully explain all

the tra n sp o rt p ro p e rtie s , p a rticu la rly  the  m agnetic  field  da ta , and

m icrostructural aspects of the boundary. By extending the models to include

additional effects, a more complete description of the grain boundary properties

can be m ade, and connected to m icrostructural observations. The transport

properties of the 45° [001] tilt grain boundaries suggest a parallel multi-junction

m odel that accounts for self-inductance, asym m etric current flow and junction
294
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size effects. The Dayem bridge model(Samelli 1993a; Samelli et al, 1993b; 

S arnelli et al. 1993c; Sarnelli et al. 1994) and the m odified Dayem bridge 

m odel(D rav id  et al. 1993) develop the idea of parallel junctions, bu t w ithout 

consideration  for junction size and  asym m etry. W ith these add itional 

param eters, a better understanding of the grain boundary can be obtained. It 

should be m ade clear that asymmetry refers to the unequal current distribution 

along the grain boundary, not the local symmetry.

The basic concept of the asym m etric parallel junction m odel is to 

sim ulate a grain boundary w ith a series of N num ber of Josephson junctions in 

parallel along the boundary separated by  normal regions (see figure 7.1). The 

analogous circuit diagram  of the junction is shown in figure 7.1, w ith a set of 

parallel Josephson junctions of differing sizes and critical currents in parallel 

w ith  shunt resistances (both tem perature dependent and independent). The 

circulating currents, caused by penetrating flux, around each superconducting 

loop produce an additional term  due to self-induced flux. These currents 

m odify the local difference in  the phase across the boundary. Then, if the 

junctions are sufficiently large, there will be a junction size effect due to 

penetration of flux in the junction in  addition to penetration in the separating 

norm al regions.

A schematic diagram  of the m icrostructural comparison to the parallel 

junction m odel is show n in  figure 7.2. The boundary consists of different 

m icrostructural features, each of which is represented by a given circuit element. 

The precipitates and second phases along the boundary are the parallel resistive 

regions that p roduce a sh u n t resistance (both tem perature dependent and  

tem perature independent). The rem ainder of the boundary consists of relatively
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/  \ Icl >  / \ Ic4>  /  \ rc5 * • ' <(cN-l >  / ^ c N

Figure 7.1 Circuit diagram  to sim ulate grain boundary junction. A series of 
parallel Josephson junctions shunted by resistors, analagous to an 
interferometer. The junctions have unequal critical currents.

hi

W

Figure 7.2a. Comparative region of the grain boundary junction w ith parallel 
junctions shunted by resistive regions.
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^cl“̂ cirl

IcT=Ic r Icirl+Ic3+Ic4

d r l

^ c l '^ d r l

—̂ cl'^drl +^c3'^dr2+ ĉ4

d r l

Icl

IcT= ^ c l+ ^c3"^dr2+^c4

Figure 7.2b. Schematic diagram  of the grain boundary junction 
show ing the total critical current for three different applied flux 
states.
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well connected areas of the grains w ith the same macroscopic symmetry, bu t a 

varia tion  in  the  m icroscopic sym m etry due  to m eandering. The be tter 

connected regions can then be further broken up into regimes w ith low index 

plane facets and non-faceted areas. By comparison of the structural data of the 

different superconducting samples the faceted regions should m aintain higher 

critical current densities than unfaceted regions. These different faceted regions 

along the boundary  can then be considered parallel junctions, w ith differing 

critical currents separated by varying amounts of normal material.

From this m odel various predictions can be m ade w ith the R-T and I-V 

behavior. The reg ions a long  the  b o u n d ary  can be broken  up  in to  

superconducting  faceted, lsf, superconducting  non-faceted, lsn  and non­

superconducting, ln . The two types of superconducting areas are assum ed to 

have significantly different critical current densities (based on the transport 

data). Obviously the boundary consists of even more distributions of Jo  bu t 

only two will be considered for simplification. The total critical current will be 

the critical current density of the superconducting region times the total length 

of superconducting area along the boundary

Kt ~  Zo/Ai/r̂  + ^csn^snd (7-1)
where V  =

Boundary

I'j nr =
Boundary

t is the film thickness, the facets are assumed to extend through the entire film 

thickness. Therefore the m agnitude of the critical current is directly dependent 

on the am ount of asym m etric faceting along the boundary. From the I-V 

m easurem ent, some idea of the total superconducting length can be obtained, 

but not of the current distribution.
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Since the total length of the boundary  is constant (Lsf+Lsn+Ln)/ 

leng th  of no rm al regions is inversely  p ro po rtiona l to the len g th  of 

superconducting  regions. This w ould  indicate that assum ing a constant 

resistivity, the norm al state resistance of the boundary  w ould increase w ith  

decreasing critical current (for a given temperature). Therefore, the norm al state 

resistance can give a m agnitude of resistive regions along the boundary. This is 

explained further in the section on the R-T behavior.

The critical current oscillations as a function of applied field can also be 

understood from this model. The interactions of the junctions can be described 

as an  interferom eter w ith shunted resistance (as show n in figure 7.1). The basis 

of this m odel is a SQUID w ith  tw o parallel junctions, w hich can then  be 

m odified to accommodate N  junctions in parallel. For simplification, the basic 

ideas are  developed in  tw o parallel junctions (a SQUID) follow ing van  

Duzer(Van D uzer et al. 1981). Assum e that the junctions are sym metrically 

placed in  a loop and  have critical currents I d  and Ic2 respectively. The phase 

differences in the two junctions (<J»i, <f>2) can be related by in tegrating the 

g rad ien t of the phase of the pair w ave function around the loop of the 

SQUID(Van Duzer et ah 1981). The phase difference is then given by:

(7-2)
^0

w here <I> is the applied flux and 3>0 is the flux quantum  (h/2e). The total current 

across the two junctions is then given by the sum  of the two individual currents:



/ r  = /c,s in ^  + /c2sin 0 ,— —
\  %  /
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(7.3)

By ignoring self-inductance (hence ‘h ^ a p p ) /  and maximizing eq. 7.3 w ith 

respect to <}>!, the total critical current becomes eq. 7.4:

i

This relation indicates that if the critical currents across the junctions are 

equivalent, the total critical current is reduced to a cosine term forming a series 

o f cusps, w ith  lTc=0 at B=n(<h0 /2). An asym m etry in the critical currents 

(Icl^Ic2) will no t allow perfect cancellation of the critical currents in the circuit, 

therefore there are no applied fields for w hich there is no critical current (see . 

figure 7.3). In the case of the asymmetric critical currents, the ratio of the two 

junction currents is inversely proportional to the difference between the maxima 

and minima of the critical current as a function of magnetic field.

Equation 7.4 assumes no self-induced flux, which is not the case for any 

situation w here LIc><J>0 /6  (L is the inductance of the loop), Self-induced flux 

arises from the circulating currents in the loop(Van Duzer et al. 1981). The 

circulating currents create an additional flux term:

4>« = W„r (7.5)
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The circulating currents are defined by Icir= (l/2 )(l2 -Il). Substituting into 7.5 

and adding to the applied flux the total flux in the loop is then:

*  =  ® a „ , +  ~  u c\ ( s i n  0 2  "  s i n  0 i ) (7.6)

The phase difference (eq. 7.2) now becomes:

(7.7)

The total flux can now be determined as a function of 3>app and <t>l. The total 

current can therefore be m aximized for a given applied flux. The num erical 

solution is illustrated in figure 7.4. The two different critical. currents have 

com plem entary behavior due to the reversal of current a t half-flux intervals. 

The circulating currents induce a flux that tries to make the total penetrating 

flux an integral value. Therefore as the applied flux increases beyond 1 /2  4>o 

the lowest energy state is for the circulating currents to reverse in direction. The 

channels then essentially sw itch from a constant critical current to a critical 

current varying with field depending on the direction of the circulating current. 

This implies that a series of parallel junctions could be a set of parallel switches 

that vary betw een the two states as the flux is changed. Figure 7.5 shows how 

the self-induced flux strongly affects the difference between the maximum and 

m inimum critical currents (as d id  the junction asymmetry discussed above).

Both the self-induced flux and the asym m etry of the boundary critical 

currents will diminish the peak to valley ratio of the m axim um  critical current
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tn*0

Figure 7.3. The dependence of the critical current on applied flux 
for a two junction m odel. The dotted line is for two junctions w ith 
unequal critical currents (from Van D uzer 1981).

-1 •t'o

Figure 7.4. The critical current response for two parallel junctions 
w ith self-induced fields included. The lower two curves break down 
the currents in  either junction (from Van D uzer 1981).
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Figure 7.5. The effect of self-inductance on the difference of the 
maxim um  and minim um  critical currents. A t higher 
self-inductances the peak to valley ratio in the Ic(B) relation 
diminishes (from Van D uzer 1981).

h e  f^AI
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Figure 7.6. The Ic(B) behavior for an asymmetric (unequal critical 
currents) junction w ith self-induced fields (from Van D uzer 1981).
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as a function of magnetic field. These two effects can actually be differentiated 

by  determ ining the m odulation dep th  as a function of tem perature. As Tc is 

approached , the self-inductance is m inim ized due to the decreasing critical 

curren t. Therefore the m odulation should  increase significantly if the self­

inductance is the m ajor effect on  the behavior. The behavior of a junction 

d isp laying  both asym m etry and self-inductance is show n in  figure 7.6. This 

g rap h  show s that the absolute value of the positive critical current and  the 

negative critical current can be different due to the combination of asym m etry 

an d  self-inductance, w hich  is consistent w ith  the  resu lts on the grain  

boundaries.

The final effect on the junction behavior is the finite junction size. If the 

junction  size is relatively large com pared to  the  loop, there will be flux 

penetra tion  in the junction, not just in the loop as previously assum ed. The 

effect will be to add  an envelope term  due to the additional m odulation in the 

junction itself causing a double m odulation in the JC(B) behavior.

The basic concepts expressed for two junctions can be extended to 

m ultip le junctions, bu t becomes extremely complex. In particular, the high-Tc 

grain boundaries, depending on the microbridge w idth, are probably composed 

of up  to hund reds of junctions w ith  differing sizes and  critical currents, 

com plicating the m atter further. There are, however, som e basic predictions 

that can come from this model. The transport m easurem ents of the different 

sam ples are discussed w ith respect to the asymmetric parallel junction model. 

Some differences betw een the Dayem bridge model and the asymmetric parallel 

junction m odel will also be m entioned.
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VII.2. T ransport Properties 

VII.2.1. Resistance-Temperature

The R-T behavior of the different grain  boundaries all agree w ith  the 

behavior for a  set of Josephson junctions in parallel w ith  a set of therm ally 

activated conduction paths. The R-T curve of three grain  boundaries is show n 

in figures 4.11, 6.2, and 6.3 . The sputter-induced epitaxy grain boundary  

exhibits TAPS at the boundary, and has the highest transition tem perature of the 

three boundaries. The superconducting boundary  has an extended foot-like 

structure due to the reduced critical current a t the boundary. The resistive bi- 

epitaxial junction displays an increasing resistance w ith decreasing tem perature.

The grain transition tem peratures for the sam ples are all w ithin 5 K. The 

grain  in  the resistive sam ple actually  has the h ighest of all the sam ples 

measured. The microstructure of the boundary suggests that the excess material 

was preferentially precipitated at the boundary, indicating that the high quality 

grain can force non-stoichiometric structures to form  at the boundary  under 

suitable conditions. The other two sam ples had  grains w ith similar transition 

tem peratures suggesting that the grain quality does no t play an im portant role 

between the two samples. The extended foot-like structure in the curves is from 

TAPS, and indicates that the two different have significantly different critical 

currents, which is confirmed by I-V m easurem ents later.

The R-T curve provides one m ore insight in to  the grain boundary  

behavior. By driving the sample normal, the boundary properties of both the bi- 

epitaxial and  sputter-induced epitaxy sam ples suggest a series of therm ally 

activated parallel conduction paths along the boundary. This behavior was 

m odeled in both types of boundaries as well as the resistive boundary. The
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major difference betw een the boundaries is the num ber of parallel conduction 

paths, w ith  the resistive boundary  having the m ost and the sputter-induced 

epitaxy boundary  having the least. This data  is also corroborated by noise 

power measurements on the bi-epitaxial samples (see section VL2.4).

The R-T behavior of the boundaries is well described by the m odel. The 

parallel junctions should not modify the transition tem perature relative to one 

junction  w ith an  equal leng th  of superconducting  region. The different 

junctions can all have d ifferent critical curren ts, b u t the sam e critical 

tem peratures. The norm al state resistances also indicate that in all the samples 

there are parallel conduction paths along the boundary. The total resistance of 

the sam ple is given by  the sum  of all the resistive channels as was described in 

chapter IV.

VII.1.2. Current-Voltage

The two superconducting boundaries had RSJ-like behavior typical for 

grain boundary weak links. The major difference between the two boundaries is 

the critical current density  across the boundary. The sputter induced grain 

boundary  has a critical current density of 5 x 10^ A /cm ^ at 5 K as opposed to 

the critical current density of the bi-epitaxial junctions 2 x 10^ A /cm ^  at 5 K. 

This indicates that the sputter-induced samples could support over an order of 

m agnitude  m ore su percu rren t than  the bi-epitaxial junctions. The I-V 

characteristics also provide inform ation on the norm al state resistance of the 

boundaries. The norm al state resistance of the sputter-induced epitaxy grain 

boundary  is 0.025 Ohm s at 5 K and for the bi-epitaxial junctions it is 0.475 

Ohms. This directly supports the idea of the parallel conduction paths being
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inversely  p roportional to the superconducting paths along the boundary . 

Therefore the larger the critical current the more superconducting paths it has 

along the boundary  (assum ing the sam e critical current density  along the 

boundary). The I-V characteristics for the junction at zero field should be the 

sum  of all the critical currents along the parallel paths. This also agrees w ith  the 

RSJ-like behavior of the boundary.

The asym m etry of the TV characteristics is a unique feature of the high- 

Tc grain  boundaries that has been observed by other groups as well (Dimos et ah 

1990). This asym m etry is also exhibited by a two junction SQUID w ith  both 

unequal critical currents across the junctions and self-inductance(Fulton et ah 

1972). The com bination of these tw o effects creates an  asym m etric I-V 

characteristic as described in the previous section.

VII.1.3. Magnetic Field

The dependence of the critical current on the applied magnetic field for 

the three different sam ples is show n in  figures 4.20-21, 5.9 and 6.9-12. The 

P a tte rson  functions of bo th  sets of data  suggest that there is a definite 

periodicity of approxim ately 2 G in the sputter-induced epitaxy, and no distinct 

periodicity in the bi-epitaxial data. The periodicity of the multilayer even shows 

a M oire interference pa ttern  of tw o periodicities. The period  in  the  Jc(B) 

behavior cannot be directly predicted by modeling for a given Jc(x) and Fourier 

transform ing the data. This is because of the additional self-inductance that 

locally varies the phase along the boundary.

As the m agnetic field is applied  the various junctions w ill behave 

differently  along the length of the boundary. Figure 7.2b. is a schem atic
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diagram  for different applied fields along the boundary. The flux will penetrate 

unevenly along the junction and different circulating screening currents will be 

set u p  to compensate. Thus, as flux penetrates one region, the circulating 

currents travel clockwise for exam ple, then  w hen the flux is g reater than 

(l/2)n<E>0 the circulating currents w ill reverse the d irection to m aintain the 

lowest energy configuration. Also as the flux increases the circulating current 

increases up  to half a flux quantum . Therefore each region will have varying 

circulating currents set up  for flux compensation. If the junctions have differing 

critical current values, there w ill be a current going through the junction even 

w hen the m aximum screening current is present. The current is why there is no 

perfect cancellation of the currents across the boundary . The self-induced 

currents will further modify the local field seen by the junctions. This will cause 

variations in the screening currents along the boundary. M utual inductance is 

probably minimized due to the low Josephson current values.

O ther m easurem ents in the lite ra tu re  also agree w ith  the parallel 

conduction model. H igh field m easurem ents show  a residual current, that 

w ould agree w ith this m odel (Samelli et al. 1993b; Samelli et al. 1993c; Froehlich 

et al. 1995). One in teresting  pred iction  of the m odel is the differentiation 

betw een self-induced flux and asym m etric critical currents in the parallel 

junctions. At tem peratures approaching Tc, the asym m etric currents w ould 

dim inish the difference betw een Im ax and Im in in  the magnetic field data, 

w hereas self-inductance w ould  m axim ize it (due to a decrease in the self­

inductance from sm aller critical currents near Tc). The data  on the junctions 

produced by sputter-induced epitaxy show s that at h igher tem perature the 

difference is
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Boundary Type Grain Tc 
(K)

Grain
Boundary
TC(K)

Ic
(mA) 
@5 K

Rn
(Ohms) 
@5 K

IcRn
(mV)
@5K

AB
(G)

Resistive
Bi-epitaxial

90.5 NA NA 20 NA NA

Superconducting
Bi-epitaxial

86.5 40 0.2 0.475 0.095 <0.2

S p u tte r In d u ced  
Epitaxy

86 81 5 0.025 0.125 2.2

Table 7.1. Synopsis of transport data for three representative types of grain 
boundary junctions.

/
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m inim ized im plying the dom inant feature is the asym m etric critical currents 

along the boundary.

The period of Jc(B) should vary w ith  an increasing num ber of junctions 

for a  fixed grain boundary  length. This is confirmed by Early et al. (Early et al. 

1994) which show ed that the periodicity decreases w ith increasing m icrobridge 

w idth. As the num ber of junctions increases, there are  m ore perm utations of the 

junction "switching" states. This w ill m ake a finer Jc(B) pattern  w ithou t a 

characteristic period, unless the junctions are evenly spaced.

VII.2. M icrostructure

The m icrostructure of the three boundaries show ed both similarities and 

differences. SEM analysis of the sam ples w ould often show  varying surface 

m orphology, w hich has been directly related to specific grow th  conditions. 

(Buchholz et al. 1994). The bi-epitaxial sam ples tend  to  form precipitates 

preferentially at the boundary. This is detrim ental for the transport properties, 

bu t can be m inim ized using optim al grow th conditions. The sputter-induced 

epitaxy sam ples d id  not have this type of surface m orphology probably due to 

the grow th of the YBCO on the MgO on both sides of the boundary.

TEM analysis of the boundaries show ed th a t they  all exhibited a 

charac te ristic  m ean d erin g  a long  th e ir leng th . The m ean d erin g  on 

approxim ately the same length scale for each, typically deviating as m uch as 500 

nm  from a hypothetical straight line. As discussed previously (sections IV.3.2 

and VI.3.1.), this effect is from both the faster grain grow th along the a-b plane 

relative to the c-axis grow th, and  from  the im perfect photoresist. Both the 

sputter-induced epitaxy and bi-epitaxial samples are  m ade using a photoresist
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process, therefore this is consistent w ith the m agnitude of the m eandering along 

the boundary. The m eandering is about a factor of two greater than that seen in 

bicrystal sam ples, w hich is consistent w ith  having only one contribution to  the 

m eandering in the bicrystal sam ples (i.e. grain growth).

The resistive b o u n d ary  had  significant p recip itation  preferen tially  

occurring a t the boundary. The precipitates appeared along over 60% of the 

b o u n d ary  leng th  ind icating  a large reduction  of the contact area a t the 

boundary . The superconductive bi-epitaxial and spu tter-induced  epitaxy 

boundaries d id  have som e precipitation a t the boundary, bu t it w as less than 

10% of the length. The precipitation is a m ajor m icrostructural difference 

betw een the resistive and superconducting sam ples, im plying that it p lays a 

major role in  the resistance of the boundary.

HREM provides even m ore insight into the atomic scale differences of the 

th ree  boundaries. In  the resistive boundary  along the  regions of the grain 

b o u n d ary  th a t are  n o t in te rru p ted  by precipitates, there is a 1 nm  w ide 

disordered  region. A region on  the length scale is a sufficient barrier that can 

prevent superconductivity across the junction.

The major difference betw een the two superconducting grain boundaries 

is the localized sym m etry at the grain boundary plane. The superconducting bi- 

epitaxial junction m eanders exhibiting a few asymmetric facets, on the order of 

10% of the boundary length. There are also regions that have an additional [100] 

tilt com ponent (also confirm ed w ith  cross-sectional TEM(Rosner et al. 1992)). 

The grain boundary  plane is therefore non-uniform  along its length. In contrast, 

the spu tter-induced  grain  boundary  junction has extensive regions o f the 

boundary  that have asym m etric faceting of the (100) plane parallel to the (110)
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plane of the adjacent grain. A round 70% of the boundary  is faceted in  this 

m anner. W hat is particu larly  striking is how even in regions w here the 

b oundary  is strongly curved, it is accom m odated w ith  sm all asym m etric 

microfacets. The asymmetric facets appear to be well structured to within 4 A of 

the grain boundary plane indicating minimal strain.

VII.3. Structure-Property Relationship

The study betw een the three different grain boundaries provides an  

opportunity  to compare [001] 45° tilt grain boundaries w ith strikingly different 

p roperties. By controlling the variables (e.g. m acroscopic m isorientation, 

microbridge w idth etc.), the connection between structure and properties can be 

m ade m ore directly. The m ost obvious differences in the samples is betw een the 

resistive and the superconducting samples. Clearly both precipitation and a, 

localized disordered region along the boundary cause the resistive behavior. 

The other boundaries did  no t display either of these characteristics and were 

superconducting. The difference between the effect of the precipitation and the 

disordered region on the resistance is not fully understood.

The two superconducting sam ples have over an order of m agnitude 

difference in their critical current densities. The sputter-induced epitaxy sam ple 

had  a definite periodicity of critical current as a function of applied magnetic 

field, as opposed to the bi-epitaxial sam ple that d id  no t exhibit a clear 

periodicity. These variations in the transport data are too large to be explained 

by small variations along the boundary. Microstructurally, m ost of the features 

of the junctions were similar, few precipitates, m eandering along the length 

(same magnitude) and structure of the boundary. Therefore these effects can be
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assum ed to have a minim al effect on the transport properties in this situation. 

There was one prim ary difference, however, the local boundary symmetry. The 

sputter-induced epitaxy sam ples had long asymmetric (100) (110) facets on the 

order of 50-100 nm. The bi-epitaxial sample only show ed faceting along short 

lengths of the boundary, and had  regions w here the boundaiy  had a [100] twist 

component.

There have been no studies that docum ent the transport properties of 

asym m etric vs. sym m etric grain boundary planes. There have been varying 

p re d ic tio n s  of th e  tw o ty p e s  of b o u n d a rie s , b o th  th eo re tic a l 

calculations(Meilikhov 1994) and microchemical analyses(Browning et al. 1993). 

The calculations by Meilikhov use a dislocation model to predict the stress along 

the boundary. Then, based on a reduced order param eter a t high stress regions, 

he predicts that an asymmetric boundary can maintain higher critical currents 

than symmetric boundaries (by more than one order of magnitude). In contrast, 

the w ork by Browning et al. suggests that the symmetric grain boundary did 

no t have a depletion in  hole carrier concentration, bu t the asymmetric facet did. 

T his w ork  w as done on tw o d iffe ren t facets w ith  grain  bo u n d ary  

m isorientations of 29.5° and 36°. Different misorientation angles could have 

d ifferent stoichiom etries at the boundary . Also, no electrical transport 

m easurem ents were m ade to confirm w hether the critical current densities of 

the facets were different.

The full estimates of this model w ould require extensive calculations for 

just one grain boundary. The sm aller the junction w idth, the fewer parallel 

junctions would have to be sim ulated. The critical measurement would be low 

magnetic field behavior of the critical current.



Chapter VIII. Conclusions and Future Work
The major results of this w ork are in the developm ent of sputter-induced 

epitaxy grain boundary  formation and the understanding of the microstructure- 

transport property  relationship in 45° [001] YBCO thin film  grain boundary  

junctions. Sputter-induced epitaxy is a unique technique for the control of the 

epitaxial orientation relationship betw een a YBCO thin film and a (100) MgO 

substrate. A pre-grow th  substrate treatm ent using a low  voltage argon ion 

source has been developed to reproducibly form  45° [001] grain boundary  

junctions on MgO. The modification of the substrate is due  to two prim ary 

effects of the ion dam age. Atomic force microscopy studies clearly exhibit a 

roughened surface m orphology on the p re-sputtered  region relative to the 

unsputtered  regions. The surface roughening is accompanied w ith argon and 

tungsten ion im plantation in the top surface layer of the M gO as indicated b y  

RBS results. The argon and tungsten  ration is approxim ately 10:1 under 

stan d ard  p re-trea tm ent conditions. The results of num erous p re-grow th  

treatm ents under varying incident ion energies, sputter durations and incident 

ion angles indicate that the m odified epitaxy is due to a com bination of ion 

im plantation and surface roughening.

The spu tter-induced  epitaxy grain  boundary  junctions have good 

junction  tra n sp o rt characteristics. The junctions h ad  h igh  tran sition  

tem peratures and  exhibited therm ally activated phase slippage across the 

boundary. A t h igher m easuring currents the norm al state resistance of the 

junction has a tem perature dependence that can be m odeled by a series of

314



315
therm ally activated resistors in parallel w ith a set of Josephson junctions.. The I- 

V characteristics are m odeled by  a resistively shunted  junction w ith  no 

capacitance and noise rounding  at higher tem peratures. The critical current 

densities w ere as high as 5x10^ A /cm ^  at 5 K and 1.6 x 10^ A /cm ^ at 77 K. At 

h igher tem peratures the behavior became m ore flux flow like. The critical 

current as a function of applied magnetic field exhibited a periodic structure 

indicating a relatively uniform current distribution across the boundary.

The m icrostructure of sputter-induced epitaxy junctions suggest the 

reason for the good  transport properties. There were very few precipitates 

a long the  boundary  length. The grains on e ither side of the boundary  

m aintained structural integrity up  to a 4 A disordered region localized at the 

grain boundary. The most unique aspect of the boundaries are the long low- 

index p lane asymmetric facets along 70% of the grain boundary w ith the (100) 

of one grain  parallel to the (110) of the adjacent grain. These microfacets have 

been observed as long as 100 nm  in length. Even in regions of m eandering the 

grain  boundary  w ill often reverse sym m etry at the grain boundary plane and 

m aintain the low-index microfacets.

Sputter-induced epitaxy junctions have several significant advantages 

over other grain boundary junctions. The technique is extremely sim ple and 

versatile  in  im plem enta tion . G rain  b o undaries  can be m ade in  any 

configuration dictated by the physical mask. The necessary components for the 

entire  procedure (including an ion source, th in  film grow th technique and 

pho to lithography  capabilities) are already standard  in the sem iconductor 

industry  and  can be readily scaled to production sizes. The junctions have 

excellent tra n sp o rt p roperties considering  the h igh-angle of the  g rain
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boundaries. The two grains are form ed on the sam e substrate m aterial (as 

opposed to bi-epitaxial junctions) allowing uniform  grain growth on both sides 

of the junction. The structure of the boundaries has a characteristic low-index 

p lane  asym m etric faceting. The faceting allow s m ore uniform  curren t 

d istribution  across the boundary. The draw backs of the technique are the 

limited geometry of the grain boundary, which ultim ately limits the IcRn value. 

Also, sputter-induced epitaxy initially required a bulk MgO substrate that was 

not always the desired substrate m aterial depending on the application.

The sputter-induced epitaxy process was then extended to a m ultilayer 

system  to remove the constraints of using the bulk (100) MgO substrate. A layer 

of 1000 A - 1500 A of high quality epitaxial (100) MgO is deposited on (100) 

LaA l03. The MgO is then patterned using photolithographic techniques and 

the  spu ttered  with. 250 - 300 eV argon ions. A final layer of YBCO is 

subsequently grown on the MgO. The resulting orientation is YBa2Cu307-x 

[001] I I M gO [001] and YBa2Cu307-x [100] I I MgO [110] on the pre-sputtered 

region w ith the cube-on-cube orientation on the unsputtered  region. This 

junction has all the advantages of the sputter-induced epitaxy junction on bulk 

MgO, bu t is not limited to the bulk MgO substrate. The YBCO grain boundary 

transport properties showed characteristic single junction behavior. The R-T 

exhibited TAPS w ith a relatively high-Tc. Typical RSJ I-V characteristics were 

observed w ith no capacitance. The Patterson function of the Ic(B) data exhibited 

a M oire pattern indicating two different periodicities superimposed. The major 

implication of the multilayer grain boundary junction is the ability to integrate a 

junction into different materials systems in a relatively simple manner.
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The structure-property  relationship of the bi-epitaxial grain boundary 

junctions w as studied . Two different types of junctions w ere observed, 

superconducting and resistive. The resistive junctions exhibited an increasing 

resistance w ith decreasing temperature. This behavior was modeled by a set of 

parallel therm ally activated resistive regions. The superconducting regions had 

very low Tc (40-50 K) w ith an extended regions of TAPS due to the significantly 

depressed critical current across the boundary. The critical current density at 5 

K w as 2 x 10^ A /crn^. The I-V characteristics were m odeled using the RSJ 

m odel w ith  no capacitance. The magnetic field behavior of the critical current 

had  strong oscillations as a function of very small changes in applied magnetic 

field. This.behavior is consistent w ith a  set of parallel Josephson junctions w ith 

a variable phase difference along the grain boundary. The microstructure of the 

resistive grain boundaries had  precipitation and second phases along their 

len g th  inc lud ing  a 1 nm  d iso rdered  region  a t the  boundary . The 

superconducting grain boundary m eandered significantly, but had about 10% of 

the boundary formed by low-index asymmetric facets.

By com paring the structure-property relationship in the three different 

grain boundary  junctions, a phenomenological m odel has been developed to 

explain the observed behavior. The junction is m odeled w ith a series of 

Josephson junctions in parallel w ith  a set of resistors. The R-T and  I-V 

characteristics can be directly interpreted from this model, as it has been using 

other proposed m odels. However, the IC(B) behavior can also be qualitatively 

described using the parallel junctions. The key aspect of the parallel junctions is 

the inclusion of self-inductance, asym metric current flow and junction size 

effects. These w ill all contribute to  the phase shift along the boundary
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indicating that there is a non-uniform  phase shift. The implication is that the 

m agnetic field data  is no t directly  in terpretab le  using  an  aprio ri cu rren t 

distribution along the boundary. Non-uniform  penetration of the magnetic field 

coupled w ith the additional m ultiple junction effects create a complex pattern  of 

cu rren t flow across the boundary  in response to small applied  fields. This 

m odel is also connected to the m icrostructure of the grain boundary. The long 

asym m etric facets in the spu tter-induced  epitaxy junctions p rov ide  m ore 

uniform  current flow, w hich is no t apparen t in the bi-epitaxial junctions. 

Therefore the Josephson junctions are the low-index plane asym m etric facets 

separated by regions of low er critical current density  (other grain boundary  

regions) and norm al regions (precipitates along the boundary).

The correlation of the structure-property  relationship provides insight 

into the weak link nature. The best w ay to im prove the junction behavior is to 

form  long regions of uniform  current flow. In the 45° [001] grain boundary  

junctions this can be done by maximizing the asymmetric microfaceted regions 

of the boundary. The sputter-induced epitaxy junctions are m ade u n der near 

therm odynam ic equilibrium  conditions im plying that the asymmetric facets are 

energetically favorable.

This project has contributed bo th  to the technological developm ent of 

grain boundary  junctions and the scientific understand ing  of the w eak link 

behavior of high-angle grain boundaries. In  so doing, a new  set of questions 

arise to obtain a deeper understand ing  of the scientific issues and further 

developm ent of the technology. Future w ork is suggested in  both the analysis 

o f the  phenom enon of spu tter-induced  epitaxy and  in the area of grain 

boundary transport.
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The ultim ate benefit of sputter-induced epitaxy m ight be in a completely 

different m aterials system. A som ew hat m ore thorough understanding of the 

m echanism  w ould allow  the translation of this technique to other thin films on 

MgO, YBCO on different bulk  substrates o r on an altogether different system. 

Cross-sectional TEM analysis of the grain  boundary  junctions could provide 

m ore insight into the mechanism. Perhaps the m ost useful would be an in-situ 

analysis of the nucleation and  grow th  of the th in  film  using  surface science 

m onito ring  techniques such as low  energy electron diffraction (LEED) or 

reflective h igh  energy electron diffraction (RHEED). In  order to s tu d y  the 

surface lattice param eter a m ethod such as total external reflection (TER) x-ray 

diffraction could possibly be used. This w ould  no t be a trivial experim ent due 

to the surface roughness of the MgO, bu t could conceivably be performed. After 

a thorough understanding  of the m echanism  is obtained, other system s w here 

the epitaxial relation betw een the substrate and the thin film is crucial, or grain 

boundaries control critical properties can be identified. As for the YBCO, other 

m u ltilay er system s on  sem iconducto rs can be  developed  to dete rm ine  

integration capabilities w ith other m aterials techniques. The optim ization of the 

th in  film grow th  process w ould  allow  a better determ ination of the critical 

cu rren t density  reproducibility bo th  in  one chip and from  chip-to-chip. This 

w ou ld  also determ ine  the best critical cu rren t density  and IcRn values 

obtainable w ith this technology. O ther aspects of the technique could be further 

developed such as using a diam ond-like carbon th in  film as a mask to provide 

extremely sharp edges.

The structure-property relationship in the sputter-induced epitaxial grain 

b o u n d a rie s  can be fu rth e r d ev e lo p ed  to u ltim ate ly  ob tain  a thorough
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quantitative agreem ent w ith the grain boundary model. The key studies w ould 

be a series of careful applied magnetic field m easurem ents at both low (up to 

200 G) and high (5-10 T) fields. Using a series of different w idth boundaries 

(even on the sam e chip) will allow better understanding of the current flow 

across the junction. It w ould be critical to have high quality films to separate 

intrinsic from extrinsic boundary effects. The ultim ate goal w ould be to isolate 

an individual microfacet to perform  transport measurements, bu t this appears 

to be extrem ely difficult if not impossible w ith current technology. Noise 

m easurem ents on these grain boundaries w ould allow comparison to the bi- 

epitaxial to determ ine the role of the microfacets in these properties. Microwave 

response w ould  also be interesting to determ ine the strength  of the A.C. 

Jo sephson  effect in  these  junctions. The developm en t o f junction  

im plem entation w ould be of interest. An imm ediate possibility w ould be to 

m ake a SQUID and determ ine its noise properties and field sensitivity (critical 

param eters in SQUID design).

The structure  of the grain  boundaries can be further analyzed. An 

extensive set of sim ulations of the grain boundary could provide more insight 

into the nature of the 4 A disordered region. Also small probe PEELS analysis 

w ould allow comparison of the hole carrier concentration of different facets in 

these grain  boundaries. Perhaps designing an experim ent using  tripod 

polishing techniques could provide larger thin regions to analyze longer regions 

of the boundary. If more extensive regions of the boundary can be observed a 

better understanding of the structure-property relationship can be obtained.
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Abstract

T ransport in m agnetic field across 45° [001] tilt grain boundaries in 

YBa2Cu3 0 7 -x thin films is studied for samples whose microstructure has been 

w ell characterized dow n to the atomic scale. A grain boundary  m odel is 

proposed of parallel superconducting paths separated by norm al regions. The 

key param eter necessary to qualitatively m atch the low magnetic field data is 

that the magnetic field penetration is minimal in the superconducting regions 

relative to the normal regions. The effects of varying the components of the 

boundary (such as conduction path  size and precipitate size) are discussed. This 

resu lt im plies that a substan tia l im provem ent in the con tro l o f the 

m icrostructure to electronic grade levels is necessary to form reproducible 

junction properties.
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Introduction

O ne of the  p red o m in an t m aterials issues bo th  scientifically and  

technologically in the high-Tc m aterials has been the role of grain boundaries. 

Previous studies have show n that m ost high-Tc high-angle grain boundaries 

behave as w eak links.(Dimosef al. 1988; Dimosef al. 1990; Ivanovet at. 1991) The 

w eak  link behavior is detrim ental for h igh  current density  applications. 

H ow ever the Josephson-like characteristics of the grain boundaries can be used 

in  m icroelectronic devices such as superconducting quantum  interference 

devices (SQUIDs). The basic understanding of the weak link behavior is still 

incom plete and  prevents the incorporation of grain boundaries into m any 

potential applications.

N um erous studies have analyzed the transport properties of thin film 

grain boundaries w ith  m any different macroscopic m isorientations (see e.gr 

(G ross 1992)). L ikew ise there  has been substan tia l w ork  to study  the 

m icrostructure and chemistry of grain boundaries.(Rosneref al. 1992; Alarcoef al. 

1993; Browningef al. 1993; Dravidef al. 1993; Jiaef al. 1993; Babcocket al. 1994; 

Traeholtet al. 1994) U nfortunately there is seldom  a direct connection m ade 

betw een the structure and transport properties.

There have been several proposed grain boundary models to explain the 

observed  w eak  link  behav io r in  h igh  angle grain  boundaries. The 

m icrofilam entary m odel suggests that there are a few strongly coupled regions 

along the boundary  w here superconducting filaments, or fully oxygenated 

regions from the grains on either side join.(Moecklyef al. 1993)(Earlyef al. 1994) 

The areas su rround ing  the superconducting filaments are proposed to be 

oxygen deficient norm al regions. The model is based on the transport data from
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MgO grain boundaries, however there is no direct evidence that structurally or 

chemically confirms this. Another grain boundary m odel w as suggested by 

Sarnelli et al. based on  high m agnetic field m easurem ents.(Sam elli 1993a; 

Samellief al. 1993b) They used a Dayem bridge model ascribing the weak link 

behavior to a set of superconducting regions on the order of a coherence length 

(1-1.5 nm  in the a-b direction) separated by a set of normal regions. Dravid et al. 

extended this m odel study ing  the hole carrier concentration along the 

bound ary.(Dravidet al. 1993) There are two major drawbacks of both models. 

First, none of the models have been used to correctly interpret the low magnetic 

field behavior of the grain boundaries. Secondly the m icrostructure of the 

boundary has never been correlated to the transport properties to confirm the 

models w ith respect to the transport data.

The present w ork studies grain boundaries w ith the same macroscopie- 

m is orientation, bu t w ith three m arkedly different transport properties, varying 

from resistive to superconducting. M icrostructural features of the boundaries 

w ere analyzed using transm ission electron m icroscopy (TEM) and h igh  

resolution electron microscopy (HREM) to determine consistent differences in 

the boundary structure (for further details see references Vuchicef al. 1995a; 

Vuchicef al. submitted(a); Vuchicef al. submitted(b)). A grain boundary m odel is 

proposed here based on the observed m icrostructure and transport data. 

Simulations of the magnetic field behavior based on the microstructural m odel 

are then m ade to show  the effects of the m icrostructural features on the 

transport w ith qualitative agreement.

Experimental Procedure
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Both bi-epitaxial grain boundaries(Charef al. 1991a; Charef al. 1991b) and 

spu tter-induced  epitaxy grain  boundaries(Chewef al. 1992; Vuchicef al. 1995c; 

Vuchicef al. 1995d) were form ed in  YBCO thin  films. The th in  films all had  45° 

[001] tilt  g ra in  b o u n d a rie s  an d  th us h ad  m acroscop ica lly  iden tica l 

m isorientations. The details of the form ation of the grain  boundaries using 

these techniques is described elsewhere.(Charef al. 1991a; Charef al. 1991b; 

Vuchic 1995a)

The YBCO films w ere grow n betw een 2500A and 3000A thick using two 

different g row th  techniques: pulsed laser deposition (PLD) and pulsed organo 

m etallic beam  epitaxy (POMBE). The grow th techniques are described in  m ore 

detail by others.(Charef al. 1991a; Buchholzef al. 1994) The orientation relation 

betw een the tw o epitaxial variants w as confirm ed using  backscatter electron 

Kikuchi patterns. The films w ere then patterned using a m olybdenum  shadow- 

m ask and low  voltage (500 eV) argon ion m illing to generate m icrobridges 

w hich allow ed m easurem ent of the voltage d rop  in three separate channels. 

The m icrobridge w as 35-40 pm  w ide and allowed com parison betw een the grain 

boundary  and  grain properties. The contacts w ere form ed using a short sputter 

treatm ent of the contact pads and subsequent in situ silver evaporation. The 

sam ples w ere annealed for 4-8 hours a t 450° C in flowing high purity  oxygen. 

G old leads w ere placed on the sam ple using silver paint. Low tem perature 

m easurem ents w ere perform ed using  a H e flow cryostat. Resistance vs. 

tem perature, current vs. voltage as a function of tem perature and m agnetic field 

w ere studied.

Sam ples w ere th inned  for transm ission electron m icroscopy (TEM) 

analysis using  standard  grinding, dim pling and ion m illing procedures. The



325

sam ples w ere never exposed to w ater or high tem perature to m inim ize sam ple 

dam age. TEM was perform ed on  a Phillips CM30 w ith energy dispersive x-ray 

(EDX) capability and high resolution electron microscopy w as perform ed on  a 

JEOL 4000 EXn. All microscopy was perform ed at an accelerating voltage of 200 

kV or less to minimize beam  damage.

Results

Three types of grain boundaries will be compared in this work. They are 

all macroscopically similar, 45° [001] tilt grain boundaries, b u t w ith strikingly 

different transport properties and m icrostructure. The detailed analysis of the 

transport properties and the m icrostructure of all the boundaries discussed is 

show n elsewhere.(Vuchic 1995a) In this w ork the critical current vs. m agnetic 

field behavior of the boundaries is presented in light of the m icrostructural 

observations and the interpretation will be discussed in the following section.

For the m agnetic field behavior m easurem ents discussed below  the 

sam ple w as biased just below  the m axim um  critical current value w ith  a d.c. 

constant current. The m agnetic field w as applied  perpendicular to the film  

surface and parallel to the grain boundary plane. The voltage was m easured as 

the applied magnetic field w as increased and decreased. The voltage is related 

to the critical current such tha t the m inim um  voltage is equivalent to the 

m axim um  critical current of the boundary. The Patterson function of the IC(B) 

data  is also presented. The Patterson function is the inverse Fourier transform  

of Io^(B) which, if one can use the sim ple interpretation of Ic(B) as the Fourier 

transform  of the conduction paths across the boundary, is the autocorrelation of
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these (see later). The term  Patterson function is used here since it is (in this 

approxim ation) identical to the usage in x-ray or electron diffraction.

The first set of sam ples w ere POMBE grow n bi-epitaxial boundaries 

w hich w ere fully resistive. The grains had  a very narrow  superconducting 

transition at 91 K, however the grain boundaries had an increasing resistance 

w ith  decreasing tem perature dow n to the lowest tem peratures m easured (4.2 

K). The resistance was very high, being on the order of 15 to 20 Ohm s at 4.2 K. 

The boundaries were covered by precipitates over 50% of their length. M ore 

im portantly, however, there w as a 1 nm  w ide disordered region along all the 

areas of the  boundary  th a t w ere no t d isrup ted  by precip itates. These 

boundaries will be referred to as "resistive bi-epitaxial" boundaries.

The second set of bi-epitaxial grain boundaries w ere m ade using PLD 

an d  w ere  superconducting . The R-T behavior show ed the  g rains going' 

superconducting  at approxim ately 86-88 K, b u t a finite resistance rem aining 

across the grain  boundary  dow n to alm ost 40 K. This extended foot-like 

structure is due to the reduced Josephson coupling energy across the boundary 

from  the low critical current densities. The reduced coupling energy allows the. 

therm al energy to create a finite resistance due to therm ally activated phase 

slippage (TAPS) which is described in more detail by others (Gross et al.)(Gross 

1992). Despite being superconducting, the boundaries did  have relatively low 

values for the critical current densties (2x10^ A /cm ^ at 4.2 K). TEM analysis 

show s that these grain boundaries have precipitates along only approxim ately 

10% of their length. They appear to be structurally  w ell connected a t the 

boundary  w ith some short asymmetric (100) (110) facets (up to 10 nm  in length). 

The grain boundary  plane w as inclined in  m any regions, changing the local
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grain boundary  sym m etry completely from the microfaceted regions, this has 

also been proven by crossectional analysis done by  Rosner e t al.(Rosneref al.

1992) These grain  boundaries w ill be referred to as "superconducting bi- 

epitaxial" boundaries (for m ore details on the m icrostructure and transport see 

references (Vuchicef al. subm itted (b); Vuchic 1995a).

T he sp u tte r- in d u c e d  ep itaxy  g ra in  b o u n d a rie s  h ad  th e  best 

superconducting properties of the boundaries measured. The R-T behavior also 

exhibited a foot-like structure w ith a finite resistance across the boundary dow n 

to approxim ately 80 K (for the sam e m easuring current density  as for the 

superconducting bi-epitaxial samples). The critical current density (5.1 x 10^ 

A /cm ^  a t 4.2 K) w as m ore than an  order of m agnitude larger than  the 

superconducting bi-epitaxial boundaries. The dom inant m icrostructural feature 

of these grain boundaries is low index (100) (110) asym m etrically faceted- 

regions over 70% of the grain boundary length. These facets extended as long as 

100 nm  along the grain boundary (an order of m agnitude longer than observed 

in the bi-epitaxial boundaries). This is a  clear distinction betw een the bi- 

epitaxial and  sputter-induced epitaxy grain boundaries. The details of the 

structure and transport properties are in references (Vuchic 1995a; Vuchicef al. 

1995c; Vuchicef al. submitted(a)).

The m agnetic field behavior of a superconducting bi-epitaxial grain 

boundary is shown in figures A l a-b w ith the corresponding Patterson function 

of figure A la  show n in figure A2 (see below for a discussion on the units used 

in the Patterson function). The corresponding figures for the sputter-induced 

epitaxy grain boundaries are show n in figures A3-A6. There are some general 

comments that can be m ade about these results:
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• The data was hysteretic (with increasing and decreasing field - see 

figure A lb) indicating the presence of trapped flux as noted by others.

• The c ritica l c u rre n t never w en t fu lly  to  zero  in d ica tin g  

inhomo geneous current flow across the boundary.

• There is clearly no simple Fraunhofer-like interference function which 

is expected for a Josephson junction w ith uniform current flow across 

the junction and homogeneous magnetic field penetration.

• There is an oscillating structure in the low frequency part of the 

Patterson function.

• From  the bi-epitaxial to the sputter-induced epitaxy to the second 

sputter-induced eptiaxy (see figures A5-A6) sam ple the "noise" level 

in the high frequency regime of the Patterson function increases (see 

below).

The features of the raw  data have been observed in both bi-epitaxial and 

bi-crystal g rain  boundaries by o ther g roups (M ayer et al. and  Early et 

al.).(Mayeref al. 1993)(Earlyef al. 1994) It has also been observed that oscillations 

in the critical current of the grain boundaries exist up to fields as high as 12 T 

(Daumlingef al. 1992; Sarnellief al. 1993b; Froehlichef al. 1995).

N um erical G rain  Boundary Model

O ur experim ental results as w ell as those of others (Mayeref al.

1993)(Earlyet al. 1994) clearly show that at least for boundaries of size about 40 

microns, sim ple Fraunhofer-like patterns are not observed. However, this does
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not m ean that the basic ideas of Josephson junctions do not apply, rather tha t a 

m ore complicated m odel of an inhom ogeneous boundary is required.

In order to sim ulate the grain boundary  m odel it is appropriate to start 

by analyzing the equations which govern the behavior of the current in field. In 

the m ost general case w e can write:

where:

Jc(r,B) is the critical current density at any point, r, for a given field, B. 

<b(r,B) is the total flux between 0 and r at a given applied field, B.

<&o is the flux quantum .

A(r) includes the transm ittance across the  grain boundary.

This equation  only depends on  the existence of m agnetic field as a vector 

potential, and  therefore should  be valid  unless som e very exotic m echanism  

governs superconductivity  in these m aterials. To reduce this equation to the 

m ore s tan d a rd  form  w ith  sim ple Fraunhofer-like diffraction effects tw o 

approxim ations are required. The first of these is that <J>(r,B) is linear w ith  the 

external field across the entire junction, i.e. that there is little to no flux-trapping. 

From the hysteresis in the data w e know  that this is not strictly true. However, 

to include th is is a form idable problem  probably  requiring a M onte-Carlo 

sim ulation; w e w ill assum e here  th a t th is effect is sm all. The second 

approxim ation is that the field penetration is constant across the boundary. We 

will assum e that this is not the case and there is non-uniform  penetration of the 

field in the junction as show n in figure A7. Therefore in  this sim ulation the

Ic{B) = \ \ j c(riB)dr\
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value for the flux betw een two points is varied depending on w hether there is a 

superconducting or norm al region. In  this case the current is given by an 

equation of form

r(B) = |jA(r) exp(27ria(r)B)d/j 

= |J /(r)exp(27na' (r)r2?)dr|

where:

t(r) = A(r)exp(27ri[a(r) -  a' (r)r]B) 

a'(r)= gradient of the phase a(r).

We have here a (complex) transmission term t(r) for any region of the boundary 

w ith at least locally something similar to a Fourier Transform provided that the 

gradient of the phase is constant. (We are using terms such as a transmission 

function for consistency w ith electron diffraction w here similar integrals occur.) 

The above equation is useful to describe the numerical m odel (see below), bu t is 

best written in a more conventioanl (diffraction) form:

/c(B) = |JV(r) ex p(2;h/JrB)drj

with:

T(r) = A(r)exp(2m[a(r) -  fir]B)

In this case the Patterson function is equal to:

P(r) = ^ T * (r -r ')T (r ')d r  

The Patterson function is the autocorrelation of the (complex) transm ission 

function T(r), and can also be interpreted in an optical sense as the transverse 

coherence (see for example Bom and Wolf(Bomef al. 1975)) of the (pair) current



331

across the boundary. If the boundary  is very hom ogeneous, a h igh  degree of 

coherence is preserved; if the boundary is inhomogeneous die current betw een 

tw o po in t r-r' and  r' will be incoherent w hen averaged along the boundary  

length  (r’). N o pair-breaking is involved here, and  a sim ple analogue is 

transm ission of a laser beam  through a slit versus transm ission through a piece 

of glass w ith a rough surface that provides an inhom ogeneous transm ission 

function over its area. Note that the units of the Patterson function are distance 

although scaling is highly problematic because it involves an  assum ption about 

a w idth  norm al to the grain boundary, w ithin w here penetration occurs, w hich 

is unknow n and m ay itself vary from point to point.

The n u m erica l m odel sim u la tes  the  m ic ro s tru c tu re  o b se rv ed  

experim entally as illustrated in  figure A 7. The grain  boundary  is sim ulated 

using  a random  num ber generator to produce a d istribution of norm al and- 

superconducting regions. Random  num bers w ith  a standard  deviation of one 

are generated, the m odulus squared is calculated and a cutoff poin t is selected 

to roughly sim ulate the am ount of norm al regions experim entally observed. We 

took t(r)=0 for precipitates (or other norm al regions) and  t(r)= l otherwise over 

the total length of the boundary (2048 points). Two different values of the phase 

gradient (ot'(r)) were taken for the norm al regions and superconducting ones. 

For d ifferen t values of the app lied  field the in tegrals w ere perfo rm ed  

numerically. The simulations w ere all performed using SEMPER software.

The first variable analyzed is the effect of varying the m agnetic field 

penetration into the superconducting regions of the junction (varying the slope 

of the phase as show n in figure A7). Figures A8-A10 show  the results for a set 

of p a ra lle l junctions w ith  the  am o u n t o f field  p e n e tra tio n  in to  th e
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superconducting  regions increasing. Figure A8 is actually a very  realistic 

sim ulation for the  magnetic field behavior exhibited by the bi-epitaxial grain 

boundary  show n in figure A l. This sim ulation assum es that there is no field 

penetration into the superconducting regions. H olding everything else constant 

(average conduction path  size, average precipitate size, m icrobridge w idth  etc.) 

and  increasing th e  field penetration the magnetic field behavior begins to show 

m uch m ore of a Fraunhofer like pattern as show n in figure AlOa.

In  calculating the Patterson function of the data, the central peak  is 

rem oved from  all the spectra (except figure AlOc.) to include residual flux 

penetra tion  at the boundary. The corresponding Patterson functions have a 

substantial broadening a t the origin as the field penetration is increased. It is 

im portan t to no te  that the Patterson  function for a Fraunhofer pa ttern  is 

triangular as is seen in figure AlOc (figure AlOc is calculated from the Ic(B) data 

w ith  a central peak  while figure AlOb is calculated for the sam e curve w ith  the 

peak rem oved). The Patterson function in figure A8b. is m ost similar to that of 

figure A2 for the  bi-epitaxial. The broadening  of the central peak  in  the 

Patterson function is clearly no t observed in  any of the experimental data. The 

com bination of the Patterson function data  and the m agnetic field behavior 

su g g est th a t the  a ssu m p tio n  of m inim al field  p en e tra tio n  in to  the  

superconducting regions is valid.

The current distribution at given applied fields provides further insight 

in to  the  c u rre n t transport. This inform ation cannot be  obtained  in  the 

experim ental Ic(B) data because the phase information is lost. Figures A l l  and 

A12 are  the  real and  im aginary parts of the current along the length of the 

boundary  for different magnetic field values. Figure A l l  has m ore uniform  field
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distribution along the boundary  w ith penetration at relatively evenly spaced 

regions. In com parison figure A12 show s non-uniform  penetration of the field 

along the boundary. These are only two specific examples used for comparison/ 

often a even less uniform  field penetration than in figure A12 is observed. This 

is further evidence that the distribution of the field is critical in determ ining the 

IC(B) behavior.

The effect of the conduction path  size (i.e. the well connected regions of 

the boundaries) is significant. As the conduction size is increased (from figure 

A13 to A14) a m ore periodic low frequency structure appears in  the magnetic 

field behavior w ith  a higher frequency oscillation superim posed. These two 

sim ulations match the data very well and will be discussed m ore later. The size 

of the precipitates or norm al regions also affects the  magnetic field behavior as 

show n in figures A15 and A16. Figure A15 has larger precipitates and sta rts  

show ing some periodic resonances. This supports the concept that the norm al 

regions can control the junction transport behavior. The total junction w id th  

shows an increase in the higher frequency oscillations in  the magnetic field data 

as the total m icrobridge w idth  is increased (compare figure A13 w ith a narrow er 

total b ridge w id th  to figure A17 w ith  a w ider bridge). The final variable 

modified is the critical current density along differing superconducting regions. 

This resulted in a decrease in the high frequency in the Patterson function 

suggesting that the current densities are not uniform  along the boundary.

D iscussion
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The trends found based on this model can successfully explain m uch of 

the magnetic field data. First of all figures A13 and A14 are the best fits w ith the 

data. All of these assum e minimal field penetration into the superconducting 

regim e, and  only change the conduction path  size. Therefore a change in 

conduction  p a th  size can explain the  evolution of the periodic struc tu re  

observed in  the Ic(B) behavior of the sputter-induced epitaxy grain boundary. 

This is consistent w ith the m icrostructural observations that show a significant 

increase in the am ount of faceted regions along the boundary in the sputter- 

induced epitaxy junctions. The inference is that the (100) (110) facets m aintain 

higher critical currents than unfaceted regions. Also the increasing am plitude of 

the high frequency regime of the Patterson function is consistent w ith  the 

sim ulations. The basic shape of the Patterson function is observed in the 

experim ental data, bu t more variables could be introduced to better, m atch the 

data  such as a sm oothing of the field penetration  a t the edges of the 

superconducting regions. Obviously a perfect quantitative m atch is virtually 

im possible w ith  the num ber of variables, bu t the sim ulations qualitatively 

m atch the data.

Several observations can be m ade about the comparison between the data 

and the sim ulations. In both the sim ulations and the experim ental data  the 

critical current does not go to zero (this is also observed experimentally by other 

groups (Earlyef al. 1994)). The hysteretic behavior and the lack of a zero field 

peak in the experimental data can be explained by trapped flux in the boundary. 

The fact that there is no zero field peak in the bi-epitaxial data can be due to the 

norm al regions that allow flux penetration  in  m inim al fields, which is not 

accounted for in the simulation. Increases in the total junction w idth (shown in
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figures A13 and A l7) agree w ell w ith other published data which exhibit similar 

behavior.(Earlyef al. 1994) Furtherm ore this m odel predicts that the oscillations 

in  the  critical current w ould  continue to  h igh  m agnetic fields as has been  

observed by  o thers (Daumlingef al. 1992; Sarnellief al. 1993b; Froehlichef al. 

1995).

The grain boundary  m odel does no t assume a priori that the boundary is 

a w eak link. The strong m atch w ith  the data  suggests that it is not inconceivable 

that a well structured region of the grain boundary  could m aintain a respectable 

critical current relative to the grain a t zero field penetration. Furtherm ore the 

m ajority of the Ic(B) characteristics are dom inated by  the inhomogeneity of the 

norm al regions along the boundary  length. The im portant param eter is the ratio 

of total flux in  the superconducting region to the total flux in the norm al regions 

(as show n in figures A8-A10). The sm aller this ratio is the m ore dom inant are ' 

the norm al regions. The w id th  norm al to the grain boundary  of the m angetic 

field penetration m ay have a large influence here as m entioned previously. This 

im plies tha t no t only the length  of the norm al region (e.g. p recip iates or 

structurally disordered regions of the boundary), bu t also the w idth  will dictate 

w here preferential penetration can first occur. A  sim ple Fraunhofer pattern  can 

be recovered using this m odel by increasing the field penetration  into the 

superconducto r or just having  uniform  superconducting  regions along the 

entire  length of the boundary . C urrently  w e cannot differentiate betw een a 

grain boundary  consisting of sm all precipitates w ith high flux penetration per 

u n it area relative to the superconducting regions vs. a  boundary  w ith large 

precipitates w ith  proportionally less flux penetration per unit area relative to  the 

superconducting  regions. Therefore it is no t possible to m ake a definitive
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com parison  to the  m icrostructure. In o rder to gain a m ore quan tita tive  

understand ing  of the role of the m icrostructure it w ill be necessary to study  very 

narrow  m icrobridges, perhaps as sm all as 1 m icron, and counting the size and 

n u m b er of precip ita tes and faceted boundary  regions to com pare w ith  the 

m agnetic field data. This will have to be done for a range of boundaries w ith  

vary ing  structure  and properties to determ ine, for instance, the properties vs. 

num ber and size density of a given feature.

The result of penetration prim arily in the norm al regions of the boundary 

could even have im plications in bulk  sam ples w here the low  current carrying 

boundaries are a problem . The bulk boundaries could have low critical currents 

prim arily  due  to statistical incoherence across the large set of parallel junctions 

and  no t necessarily be due to poor transport across the grain boundary.

The results o f this w ork clearly indicate the im portance of correlating 

m icrostructure to properties in grain boundary  junctions. The structure along 

the boundary  allows non-uniform  m agnetic field penetration. The sim ulations 

th a t m atch  th e  d a ta  ind icate  th a t the  field  penetra tes norm al regions 

preferentially w ith  alm ost none penetrating a t the superconducting areas of the 

boundary . This resu lts  in h igh ly  com plex m agnetic field  behavior that 

qualitatively m atches the experim ental results. The major im plication of this 

result is that the engineering of grain boundaries m ust immensely im prove to 

electronic grade m aterial quality (defect densities in  the boundary  of ~10_® cm ' 

2) in order to form  highly reproducible junction behavior.
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Figure A7a. A micrograph of a sputter-induced epitaxy grain boundary 
showing the variation in the microstructure. The boundary has a precipitate 
(arrow) and exhibits different regions of faceting along its length.
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Figure A7b. A schematic representation of a grain boundary w ith precipitates 
and different types of grain boundary structure (faceted and non-faceted) along 
its length. The corresponding variation in critical current density and the phase 
along the boundary length are also shown.
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field into the superconducting region that figure A8.
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