Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen












LIST OF FIGURES
(Continued)

Figure Page

Ut
o

Electrical resistance of the film during illumination of 4 Watts Argon
Tonlight . . . .. oo 37

5.3 Photoluminescence spectra of x=6.4 sample at room temperature and

TION 38
5.4 Photoluminescence intensity at 77°/after 1 hour illumination . . .. 39
5.5 Correlation of reported PL peaks and PPC effeiciency . . . . . . . .. 43
6.1 Resistivity after illumination with Argon lon light . . . . . . . .. .. 53
6.2 Quenchmg IR light at 1300 nm . . . . . . .. . .. ... ... ... . 54
6.3 Quenching IR light at 1480 nm . . . . . . . . ... .. ... .. ... 55
6.4 Intensity dependence in quenching at 980 nm . . . . . . . .. .. .. 56
6.5 Intensity dependence in quenching at 1480 nm . . . . . .. .. .. .. 57
7.1 Hall measurement set-up . . . . . . . ... 64
7.2 New pattern for hall measurements . . . . . . . ... ... ... 65

X1



CHAPTER 1

SUPERCONDUCTIVITY AND YBa,Cu;0,

1.1 Superconductivity

Superconductivity [1, 2, 3, 4] occurs because the superconducting state has a lower
energy than the normal state of a material. In 1956, physicist Leon Cooper provided
a description of a mechanism [5] in which results in a lower energy bound-electron
state. An addition of two electrons, whose energy is higher than that of the Fermi
energy, to a metal’s "Fermi sea’ of free electrons, would essentially increase the total
energy of the electron population. However, when two electrons bind together, as
if they were a molecular atom, the total energy of the system would be lowered.
According to classical physics, any two particles with any degree of attraction can
form a bound state with energy lower than that of the two while separate. However,
this attractive binding energy between the two particles must be great enough to
overcome the kinetic energy of the particles and the inherent Coulombic repulsion of
the electrons, which would keep the 'pair’ from forming. Cooper was able to show
that in the presence of an attractive interaction, two electrons added to the 'Fermi
sea’ will form a bound pair. Although the pair binding energy is on the order of one-
thousandths of the electron energy [4] the proper conditions will enable the pairs to
continually recombine in order to maintain a state of lowered energy. On the average,
the electrons will spend more time in the paired state than alone, thus lowering the
energy of the system.

The lattice itself is also important to the superconducting mechanism. Given that
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Figure 1.1 : Electron shielding by lattice distortion allowing electron-eleciron at-
traction: The formation of Cooper pairs.

Cooper stated that electrons will form a lower energy bound state when provided
with an attractive force, it becomes a matter of determining the nature and origin
of an unlhkely attractive force between two like particles, which by nature repel each
other (Coulomb’s Law). In 1930, German physicist Herbert Frolich suggested an
‘electron-phonon’ interaction. It was not until several years later, after Cooper’s 1956
proposition, that the mechanism was detailed [5]. An electron attracts nearby ions of
opposite charge and distorts the orderly arrangement of the lattice. This distortion
effectively ’tugs’ on the lattice (modeled as atoms connected by springs) and creates
phonons (defined as quantized lattice vibrations). Other electrons then encounter
these distortions in the lattice which is now polarized due to the shielding of the first
electron by the positive ions. This is illustrated in Figure 1.1. The second electron is
attracted by the concentration of positive charge and effectively ’pairs’ with the first

electron. These lattice distortions are short-lived phenomena, which exist to allow



the electron-electron interactions known as Cooper pairs.

Once the attraction and pairing have been explained for a single electron-electron
system, it becomes necessary to consider large numbers of interactions at once. Due
to the daunting nature of the theoretical analysis of many-body systems, physicists
Bardeen, Cooper, and Schrieffer (BCS) made an assumption. They assumed that

g the role of other electrons to

only pair interactions are important, thus relegating

providing constraints on the states to which the interacting pair can scatter (because
the electrons must still obey the Pauli Exclusion Principle). This is known as the mean
field theory. By using this theory and treating all the electrons in a metal at once,
BCS theory [5] was able to provide a mechanism by which one pair lowered the energy,
while multiple pairs lowered 1t even further. First. electrons are scattered through
interactions with phonons to a vacant state above the Fermi level, then allowed to
interact and form Cooper pairs. Consequently. we have a new state comprised of
Cooper pairs. As the number of paired electrons increases, the number of available
states to scatter into decreases and thus the number of possible scattering processes
decreases. By this means, a point is reached where the amount of energy expended
to scatter the electrons to a state where they can pair is greater than the energy
decrease provided by the pairing. Eventually, an optimum number of Cooper pairs are
formed. Pairs are continually formed and broken preserving this optimum number.
An important property of this BCS ground state is that the pairs are completely

interchangeable and indistinguishable from one another: All pairs can be described

by a single wave function. As bosons, they do not obey Pauli exclusion.

The superconducting state is characterized by three important parameters: 1)tran-
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Figure 1.2 : Typical resistance versus temperature curve showing abrupt phase
change from normal state to superconducting state.

sition temperature, 2) enhanced conductivity. and 3) diamagnetism. The transition
temperature 1s also referred to as the critical temperature (T,) and is the point at
which the material undergoes a phase transition from the normal state to the super-
conducting state. As can be seen in Figure 1.2, the phase change at T, 1s physically
evidenced by an abrupt drop in resistance to zero where consequently conductance
peaks to infinity. In comparison, the resistance of a normal metal behaves linearly
with temperature. In the early 1930s the superconducting state’s perfect diamag-
netism was demonstrated by Meissner and is known as the Meissner Effect. BCS

theory [5] has been successful in predicting the behavior of low T, materials such as

lead.

1.2 Class I and Class IT Materials

However, there are many materials that will superconduct at the proper tempera-

tures which do not fall within the explanation offered by this theory. These mate-
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rials, known as Class II superconductors (high T, materials) are characterized by a
deviation in their behavior with respect to the Meissner effect. In a Class I supercon-
ductor (low T} the magnetic behavior is predicted and accurately modeled on the
basis of infinite conductivity. This model assumes that the entire magnetic field can
be excluded from the sample. However, in filaments of the sample (size on the order
A ) there is penetration of the magnetic field. When these filaments are stabilized by
interactions with impunities, dislocations, etc. the superconducting state can persist
to much higher temperatures than calculated by the thermodynamic arguments used
to predict the behavior of the Class I materials. An inhomogeneous phase is formed
and the magnetic flux is transported by these filaments of normal metal interspersed
within superconducting material. This intermediate state [2] would seem to be ther-

modynamically stable and on a macroscopic scale, still electrically superconductive.

Class II superconductors are more likely than Class I Superconductors to result
electronic and other applications due to the lower cost to bring these materials to
their superconducting state. For many of these materials, liquid nitrogen (77°h’)
is sufficient to induce the phase change where as liquid helium (4°A7) is needed for
low temperature materials. Currently, the one of the highest temperature super-
conductoring materials is a mercury based system with a transition temperature of
approximately 124°/A" [6] which under pressure escalates slightly. A recent paper by
a Russian group [7] extols a new Selenium compound reported to have a critical
temperature of 390°A". If this is substantiated. it will revolutionize the current appli-
cations of superconductors and create many new low cost uses. To date, their data

has not yet been duplicated by another group. However, if the data is substantiated,



Figure 1.3 : General perovskite structure

it 1s worth noting that at room temperature (300”A") a sample would "float” above a

magnet due to magnetic flux repulsion.

1.3 YBaQCU3OJ.

One family of materials known as 1-2-3 materials ({from their stoichiometric formulae)
has been under much investigation due to relatively high T.’s (90°/). From this point
forward, discussion will center around a particular 1-2-3 compound: YBa,;Cu30,. The
lattice structure of the YBa,CuzO, compound is known as an oxygen depleted lay-
ered perovskite crystal. The unit cell has a rectangular shape but no two dimensions
are the same size. It is also important to note the material is anisotropic; its prop-
erties differ according to orientation within the lattice. Perovskite structures of the
general formula ABOj;, where A and B are metal ions, are essentially characterized
by the tetrahedral distribution of large cations around a center smaller cation and

oxygen ions in the centers of the faces. The most general structure (Figure 1.3) can



Figure 1.4 : Distorted perovskite structure of YBa,CuzO,

be extended to the YBa;Cuz0, case in which the Cu-O bonds form alternating planes
between YBa planes (Figure 1.4). In the case of YBa,CuyO, properties are gener-
ally attributed to the interactions of the oxygen and copper atoms. Alterations in
these interactions produce changes in physical parameters and changes n electrical
properties.

Oxygen deficiencies are easily produced and lead to nonstoichiometric structure
and alterations of the interactions between the copper and oxygen atoms. The removal
of oxygen atoms from the lattice has a number of effects. Asseen in Figure 1.5, the cell
parameters are a function of the x parameter (relative number of oxygen atoms in the
lattice). At a particular point, the cell changes from an orthorhombic to tetragonal
phase in the vicinity of x=6.5, which does not necessarily correspond to the step in
lattice parameter seen in the figure for Zr gettered samples. Cava notes that the
orthorhombicty 1s not a linear function of stoichiometry that would extrapolate to

zero at x=6.0 if there were no orthorhombic-tetragonal phase transition. This is due
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Figure 1.5 : Lattice structure changes as it is deprived of oxygen ions
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Figure 1.6 : "Chains” and "Layers” in the YBa,;CuzO, structure

to the cooperative phenomena which tends to maintain the integrity of the chains as
oxygen is removed. It has been previously shown that the variation in orthorhombicity

with oxygen content depends on the annealing temperature [8].

Another effect of increasing oxygen depletion 1s to change the electrical characteris-
tics from those of a metal to those of a semiconductor. In the compound (Figure 1.6)
each unit cell contains two CuQ, planes (I) and two CuO, layers (II). The planes
(1) are considered responsible for the superconducting phenomena. A description of
this has been succinctly summarized from reference [9). When all the oxygen has
been removed from the layers (II) the material is an antiferromagnetic insulator with
tetragonal structure [9]. When fully oxygenated (x=7-6) the Cu-O lavers (II) oxvgen

bridges the Cu in one direction, effectively creating paralle] Cu-O chains {9). The
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Figure 1.7 : Metal to msulator transition of YBa;CusO, as is deprived of oxygen
1ons

presence of these chains elongates the b lattice parameter (in the chain direction) so
that it is longer than the a parameter and the entire structure is orthorhombic. An
increase in oxygen content mn the layers (11} results in an increase of carriers (in this
case holes) in the planes (I). As x 1s varied, we see that chain ordering in the structure
is accompanied by a transition from orthorhombic to tetragonal. It is surmised that
the doping and superconductivity of YBa,Cu;0,materials is due to the transfer of
electrons from the CuO, planes (1) to the Cu-O chains (I1I) [9] . Figure 1.7 illustrates
the tendency of the material to become increashgly ‘insulator’-like as it is deprived

of oxygen.



CHAPTER 2

PHOTOINDUCED EFFECTS

2.1 Background

In semiconductor materials, the absorption spectrum generally consists of one or
more discrete lines and a continuous absorption band at higher frequencies [10]. The
lowest frequencies absorbed (into the discrete energy bands) are capable of exciting
an electron into a higher state in the field of the hole from which it originated. The
field surrounding the hole creates a series of bound states for the electron. These
centers of excitation, known as excitons, move throughout the lattice giving up some
energy to produce phonons (quantized lattice vibrations) such that the sum of the
exciton and phonon momenta is equal to zero. Therefore the selection rules governing
optical transitions are satisfied.

However, higher frequencies absorbed into the continuous absorption band will
produce free electrons and positive holes. Consequently, in the presence of an applied
field, photoconductivity may occur [10, 11, 12]. Absorption in the exciton band
does not cause photoconductivity, except \\f}lgxn thermal energies from the lattice
are great enough to promote the excited electron into conduction levels before their
subsequent annihilation by holes. Photoconductivity (PC) is fairly common and quite
well documented for semiconductors. Some semiconductors such as amorphous silicon
also exhibit persistent photoconductivity.

Although photoconductivity is present in oxygen deficient YBa,CusO, its mech-

anisms differ from those of the traditional materials described above. In addition to
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Figure 2.1 : Typical excitation time of PPC/PISC

PC, YBa;Cu30, also exhibits persistent photoconductivity (PPC) in which the state
of PC persists at low temperatures for days [9]. The activation time constants for
this induced state vary from an hour for thin films (Figure 2.1) to mere seconds for
single crystal samples [13] YBa;Cu3O, also exhibits photoinduced superconductiv-
ity (PISC) in which the characteristic T, of the material under test is increased an
amount which is dependent on the stoichiometry of the sample. In this state, the
material is not only in an improved conducting state as in PPC but also is induced
into its superconducting state. The material eflectively becomes a superconductor

at a higher temperature (Figure 2.2) These characteristics have been experimentally
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Figure 2.2 : T, is changed by photodoping

observed under differing conditions and for various stoichiometries, but the mecha-
nism(s) responsible is/are still under debate. However, it is clear from experiments
[14.9.15. 16,17, 18] that oxygen content plays an important role PPC and the PISC

states of YBa,CuszO,.

2.2 Effects in YBa,Cu30,

When a sufficiently intense light pulse whose energy exceeds the superconducting
energy gap interacts with a superconductor, the light pulse interferes in some way
with the Cooper paired electrons (heats the sample above T, and directly dissociates
paired electrons) and hence destroys the superconductivity.[19] However, for high
transition temperature copper oxide superconductors, experimental evidence[17, 20,
21, 13] indicates that the interaction of the light pulse with the superconductor can
enhance the copper oxide’s superconducting properties as measured by the material's

transition temperature T., enhanced conductivity, and diamagnetism.
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Various groups have studied the PPC/PISC effect using electrical resistivity, Hall
effect, photoconductivity techniques, diamagnetism measurements, and x-ray scattering.[17,
20, 21, 13, 22]. Several possible mechanisms have been proposed to explain PISC, the
first being defects in the high T, materials. Second, polaronic type excitations which
trap photoexcited electrons and prevent recombination of electrons and holes. Others
proposed mechanisms include photoinduced diffusion of oxygen, photoinduced charge

transfer in the CuO; planes, and electronic phase separation.

2.2.1 Charge Transfer Model

Kudinov et. al [9, 16] established the existence of a photoinduced transition from an
insulating to a metallic state as well as photoinduced superconductivity in YBa;CuzO,
films. In addition, a persistent diamagnetic moment of the photoinduced state, which
is indicative of a superconducting phase, was observed. The observed persistent pho-
toinduced conductivity persisted for hours even at room temperature. The authors
have suggested that the long lifetime could be due to the formation of a long-lived
localized structural distortion around the photogenerated electron (polaronic struc-
ture). In recent work, Bud’ko et. al and Kudinov et. al[l7, 20] used a variable
wavelength excitation source to study the spectral dependence of the PPC response.
The observed PPC efficiency curve was numerically fit to six Lorenzian lines through-
out the visible range.[23] If a Mott-Hubbard model is used, the six peaks of the PPC
spectra can be assigned to electron transitions in the CuQO, planes corresponding to

photoinduced charge transfer between the conduction band and the upper Hubbard

unoccupied subband. The relaxation of PPC can be described by a thermally ac-



tivated process with an energy barrier of about 1 eV. As will be described in this
chapter, we attribute these spectral peaks to Cu-O chain excitations in which elec-

trons are trapped at oxygen vacancies (F-centers).

Oxygen Diffusion Model

It is well established that the T, of quenched YBa,CuszO,samples slowly increases
over time.[24, 25] In the slow annealing process which leads to an increased T,, the
sample composition 1s not altered (oxygen is neither added nor removed), but the
location (ordering) of the oxygen in the lattice changes. In these samples, oxygen
reordering during annealing induces a transfer of holes to the CuO, planes and a
commensurate mcrease n 1. In the proposed photoassisted oxygen ordering mech-
anism, illumination of semiconducting or partially superconducting material induces
the required reordering of oxygen for charge transfer of holes to the CuQO, planes and a
superconducting transition. After photoexcitation. the PISC decays over time scales
of days as the oxygen thermally diffuses bask to its initial configuration. However,
Hall and lattice parameter measurements [15, 22, 21} strongly suggest that PISC is
not due to oxygen reordering. Nieva et al. [21] conclude that oxygen ordering may be
ruled out as a PISC mechanism because the electrical resistivity and Hall coefficient
evolve in opposite ways for PISC samples and quenched samples (in which oxygen
ordering is thought to occur). Likewise, the results of Hasen [15] and Lederman [22]
show that the oxygen diffusion model is not correct: At low oxygen concentrations
the PPC is greatly enhanced. In the oxygen diffusion model, the magnitude of the

effect should be small for low oxygen concentrations.
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Electronic Phase Separation Model

In the electronic phase separation(13, 26] model for PISC in crystalline samples, the
photogenerated carriers are initially homogeneously separated. Subsequent to the
photoexcitation, the carriers phase separate into clumps of metallic and msulating
regions. Yu et al.[13, 27] interpret their observed minimum in photoresistance versus
temperature in terms of disconnected metallic-superconducting regions separated by
insulating regions. The observed minimum in resistance is due to the superconduct-
ing phase while the increase in resistance at low temperature is due to the series
resistance’ of the insulating regions. This interpretation is further supported by pho-
toinduced absorption measurements which correlate infrared active vibrational modes
(IRAV) with Raman modes of the metallic phase.[28] This correlation indicates the
formation of metallic regions and metallic screening of phonon modes consistent with

the supposition of phase separation.

2.2.2 Defect Model

Conceptually, PPC/PISC can be viewed as ‘photodoping’ a High T, parent compound
analogous to chemical doping of a material from an insulator to metal. In the case
of YBa,Cu3z0,, this photodoping is analogous to increasing the oxygen context from
YBa;CuszOs to YBapCusOr_s. Subsequent to photoexciting a nonsuperconducting
high T, material (e.g. oxygen deficient YBa,Cuz0, ), one photoexcited charge species
(electrons) is trapped while the other species (holes) contributes to the transient
conductivity. If the transient carrier density were high enough, a transition from

insulator to metal would occur. Presumably, if the charge carriers could form Cooper
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pairs, a superconducting phase would form. The effect decays as photoexcited holes
and electrons recombine.

It has been suggested that defects (most likely oxygen vacancies in the case of
YBa;Cuz0. [29, 17, 15]) potentially play an important role in the PPC/PISC mech-
anism. The model as proposed by Hasen et al.[15] is similar to an existing model DX

centers in GaAs.

During illumination a photon creates an electron-hole pair. The elec-
tron can be trapped in an oxygen vacancy in the CuQO, chains layer where
normally and O~ jon would be located in a fully oxygenated sample. The
trapping of the electron causes a lattice distortion which results in a large
energy barrier impeding the reverse recombination with the hole. The hole
in turn is transferred into and extended state in the CuQ, plane, thus en-
hancing the conductivity. As a result, the electron-hole pairs are only able
to recombine at a high enough temperature for the electron to be thermally

activated out of this self-trapped well. [15]

Clearly, if defects are important to the PISC, then the luminescence spectra of High
T, superconductors is one technique which might provide insight into the nature and
dynamics of the defects. Certainly the results of the luminescence studies become
easier to interpret and the conclusions drawn from them become more rigorous if the
luminescence is intrinsic to the superconductor, i.e., if the luminescence corresponds to
defects or traps in the copper oxide superconductors and is not contaminants {Y,Os,
Y,BaCuOs), or grain boundaries. In this thesis work, we independently conclude

that oxygen vacancy defects play a fundamental role in the PPC/PISC mechanism.
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We identify the oxygen defects as I centers (an oxygen vacancy which traps two elec-
trons) or F* (an oxygen vacancy which traps two electrons) centers rather than DX
centers. Also, the correlation between the peaks observed in the luminescence spectra
and those observed in the wavelength dependence of PPC suggest that the photogen-
eration of charges and their annihilation via luminescent recombination occur in the
same level (Cu-O chains) of the YBa;Cuz0, crystal. Previous models had assigned
the peaks in the PPC excitation spectrum to charge transfer in the CuQO, planes. In
addition, photoluminescence and infrared spectroscopy are used to characterize the

energy levels of the defects.



CHAPTER 3

- EXPERIMENTAL TECHNIQUES

3.1 Resistance Measurements

Three primary methods which will provide insight into a possible defect mechanism of
PPC/PISC in YBa;Cu30; are photoconductivity, photoluminescence and hall mea-
surements. A description of each method and the information they are expected to
yield follows.

Real time resistivity measurements are done using a typical four-point probe tech-
nique. Figure 3.1 shows a typical measurement configuration. A known current is
passed through a channel and the subsequent generated potential through a portion
of the channel 1s measured allowing calculation of the resistance. For thin samples
with a thickness W smaller than either dimension « or d, the resistivity of the sample
is given by

p=V/[IxWxCF (Q—cm)

where CF is a tabulated geometry based correction factor. Curves providing this
'fudge’ factor are readily available in many texts [30]. For our purposes the rela-

tive change in the resistance rather than the resistance itself is the value of interest.

v
vy
S/ A/ dﬁﬁ
74
b 0 —

Figure 3.1 : Typical geometry for 4 point resistivity measurements
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Monitoring the photoconductivity allows us to determine the rate and degree of ’ex-
citation’ to the photoinduced state as well as any subsequent changes brought on by

the introduction of other variable to the measurement system.

3.2 Photoluminescence Measurements

Photoluminescence measurements [14] allow a more complete picture to be formed.
In semiconductors photoluminescence occurs when an excited electron decays into a
lower state and emits the excess energy in the form of a photon. Relative intensities
of photoluminescence as a function of incident photon energies within the spectrum
are indicative of the population densities of those excited states and the quantum
efficiency. Thus when a probe in the form of a low intensity chopped laser beam is
applied, a measure of the number of states available to trap these excited electrons
is obtained for a particular energy. As we change system conditions, changes in the
number available energy states are reflected in the photoluminescent intensity. In this
manner, the photoluminescence spectra of the superconductor YBa,CuzO, provides
a means of determining the energies of available empty states as well as the relative

occupancy of those states while experimental conditions are varied.

3.3 Hall Measurements

Hall measurements [18] provide direct measurement of the carrier type and concentra-
tion and, in conjunction with the resistivity, yield the mobility. The Hall effect occurs
when a substance carrying a current is subjected to a magnetic field perpendicular

to the direction to the current. Physically, we see (Iigure 3.2) that a current flowing



H

Figure 3.2 : Geometry for Hall calculations

in the x-direction and an applied magnetic field in the z-direction produces a poten-
tial gradient across the sample in the y-direction. Mathematically the relationship is

expressed as follows:

VVh=—-RyjH

where
V1V = (the transverse potential gradient) = — Ey
Ey = Hall field
j = current density
H = applied magnetic field

Ry = Hall coefficient

If the sample is a rectangular solid of width a and a thickness b and the distribution
of current is assumed to be uniform throughout the sample, the above equation can
be rewritten in terms of the total current I, the Hall voltage Vi and the dimensions

of the sample.

V = Vy/a=—RylH/(ab)

Vi = —RylH/b
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The effect can be visualized by considering the particle nature of conduction.
A stream of charged particles will flow longitudinally through the sample without
deviation in the absence of a magnetic field. On application of a magnetic field, the
current carriers experience a force e(vx H)/c and are swept to the edges of the sample.
This process continues until the field due to the nonuniformity of charge distribution
on the sample exerts a force equal to the deflecting force of the magnetic field. This
condition for a steady state i1s met when the force exerted by the transverse electric
field due to the charge build up at the edges of the sample equals that of the deflecting
force of the magnetic field. From the measurement of the Hall coefficient, the carrier

concentration and mobility can be determined. The equation
Ry = (37/8)(1/pec)

where p is the carrier concentration allows the extraction of p from a measurement of
Vy through the relation

RH = "}qb/]]]

as obtained from the transverse potential gradient. It 1s easily apparent that variation
in Vy will be a direct consequence of variation in carrier concentration. Manipulation

of Ohm’s Law

where

o= qge’r, E [my,

in conjunction with the definition of mobility

pn = dry/mp



yields the familiar expression

pr = o/ne =1/nep

relating the resistivity and the mobility. Further manipulation yields the form

pr=c{| Ry | /p)

which provides a value for the mobility from two measured quantities.



CHAPTER 4

SAMPLE PREPARATION

4.1 Fabrication

4.1.1 Deposition

Thin films of YBa,CuzO,with various stoichiometries were prepared for the inves-
tigation using Pulsed Laser Deposition (PLD) with the appropriate post-ablation
annealing. PLD can be simply described as removal of a solid from a target and

deposition via a resulting plasma to a nearby available substrate.

Laser/Target Interaction

The described processes occur within a vacuum sealed chamber as illustrated in Fig-
ure 4.1. In general, as the laser beam hits the target photons are absorbed by the
surface. The surface then becomes a molten layer which vaporizes. The vaporization
process creates a recoil pressure on the liquid layer and the molten material is expelled
towards the substrate.

This process for the UV Excimer laser and YBa,;Cus0, interaction has been suc-
cinctly summarized from Reference [31]. While the laser beam is at the surface of the
target, the increase in surface temperature and ensuing formation of the molten layer
is dependent on the optical penetration of the material, the thermal diffusion of the
target, and the rate at which energy is injected into the system. The high temper-
atures at the surface cause emission of various ions and electrons as well as neutral

atoms and molecules which have been dissociated from the bulk. Photolonzation of

24
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Figure 4.1 : Drawing of a basic chamber and locations of target and substrate
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this evaporated material by various processes leads to the formation of an expanded
plasma above the surface [31]. It then expands away from the target surface. This
‘plume’ of evaporated material is characterized by a specified peaked distribution
function [31] contrary to the expected thermal distribution. The difference in these
angular distributions indicates that the precise combination of mechanisms for re-
moval of material from the surface is more complex than indicated. Various models
have been proposed for this process (32, 33, 34, 35, 36] which provide a basic grasp
of the picture but many questions remain unanswered [31]. There is also found [37]
to be a variation n stoichiometry of the plume dependent on the angle 6 away from
the target normal. Consequently, there is an small nonstoichiometric component in
PLD multicomponent materials. From this description, the importance of substrate
location in the plume, energy density at target surface and reactive gas content in
the chamber play an important role in the final composition and quality of the film.
The particular conditions under which our samples were fabricated are described in

the following section.

Chamber Conditions

The Ft. Monmouth ARL- Physical Sciences Division currently houses a laser ablation
facility and operates a KrF (248 nm) Excimer laser. For these samples a typical
repetition rate of 10 Hz and energy density per pulse of 300 mJ was used. The beam
enters the chamber via a quartz window and is focused on a rotating YBap;Cuz0O,
target. The rotation of the target prevents target melting and helps reduce the

formation of clusters. Particulates vary according to operating efficiency of laser.
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Adjustments of the operating frequency, oxygen atmosphere and focal point of the
laser entry to the chamber have been varied on occasion to maintain the appropriate

energy density of the plume at the substrate and a consistent deposition rate.

The substrate is mounted on a metal plate with silver paint to ensure good ther-
mal contact and is heated optically from behind. With the use of a thermocouple
attached to the metal plate and a controller, the substrate is heated to a prede-
termined temperature and the temperature is verified using a pyrometer. For this
particular system, significant differences (10-20°C") between controller indicated tem-
perature (at the plate) and the pyrometer measured temperature (at the surface of
the substrate) indicates poor thermal contact and mounting should be repeated. An-
other more obvious indication of poor thermal contact is visible color differences at
the surface of the substrate. In either event, ensuing deposition will not be uniform
and the resulting film quality will be poor; it is then generally advisable to remount

the substrate. Deposition is done at 8§20°C.

During deposition, the substrate should centered as close to zero degrees ¢ from
the target normal and be within the plume. Some groups [38] position their substrate
outside of the plume to enhance thickness uniformity and decrease surface roughness.
However, these gains are offset by the reduction of T, and a possible departure {from
cation stoichiometry [38]. Damage can also be done to the film by placing the sub-
strate too close to the target where a central blue region of the plume exists. The
energy density of the plume is controlled by the partial pressure of oxygen present
in the chamber during ablation. Films for the projects described in the remainder of

the paper were ablated under an oxygen partial pressure of 100 mT+3 mT (except



28

when as previously described to aid in compensating for reduction in laser power).

1
2

After deposition, the chamber is flooded with oxygen to 5 atm and is cooled to
800°C over a period of 10 minutes (to allow oxygen ordering) and to 400°C over the
next 20 minutes. At this point the chamber is allowed to cool to room temperature
and the film is removed. As ablated films are generally fully superconducting with

T, approximately 90°/". We have observed that faster cooling does not allow time

for proper oxvgen ordering and results in a lower T..
J [o) €

4.2 Post Deposition Annealing

The primary effect of annealing 1s to create the desired stoichiometery in the sam-
ple through oxygen removal and reordering. Initial annealing attempts utilized a
real-time resistance monitoring system a full oxygen atmosphere anneal. Peak tem-
peratures were chosen from extrapolation/interpolation of initial resistance versus
temperature measurements and tended to be chancy at best. Samples were bonded
in a ceramic in-line package a placed in a quartz tube under vacuum within a simple
ceramic furnace with a constant flow of O, through the tube. It was observed that hot
zones within the furnace gave uneven annealing and that targeting particular resis-
tances (indicative of specific oxygen contents) did not provide reliable and consistent
results.

Thus, a further literature search revealed thermogravimetric studies of enthalpy
for oxidation of YBayCuz0,[39]. Using a series of isocompositional lines on a plot of
log Po, versus reciprocal temperature (Figure 4.2 [39]) and a plot of oxygen contents

at various temperatures for a series of different oxygen atmospheres (Figure 4.3 [39])



Figure 4.2 : Isocompositional lines for YBa,Cu;0,
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Figure 4.3 : Oxygen content versus temperature for YBa,Cu30, in different partial
pressures of oxygen
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we were able to estimate appropriate annealing temperatures for our desired stoi-
chiometries. In this vein, samples were placed on a platinum shelf in a quartz tube.
The tube was then inserted into a platinum/alumina muffle powered by a current
source and regulated by a thermocouple close to the sample shelf and an Iveron pro-
grammable controller. The meticulously clean tube, boat and sample were subject to

a partial atmosphere of O, in a balance of N, throughout the anneal cycle.

This annealing set-up was used until the muffle cracked. Because the manufacturer
no longer fabricates these alumina coated platinum muffles, a reconfigured furnace
system was derived. In this new arrangement, the same controller and current source
are used n conjunction with a standard ceramic tube furnace (a large resistor of ap-
proximately 30 € with a hollow center). The effect of this substitution was a greater
susceptibility to uneven heating from a smaller 'hot spot’ at the center of the furnace
and the increased probability of sample/thermocouple/ hotspot’ misalignment. Pro-
cess errors result in visible discoloration of all or portions of the sample. These "burnt’
areas are the result of temperatures higher than 800°C at which the YBa,;Cus0, de-

composes Into various cuprates [40].

Annealing time was determined based on the recent results of Tidrow showing
oxygen diffusion time through YBa;CuzO, thin films [41]. Tidrow et al. reveal that
O, diffuses along grain boundaries and is aided by material defects in the a and
b planes. Based on the authors’ work and results, necessary annealing times were
estimated to be on the order of 20 to 30 minutes and chosen to be on the order of an
hour. For thin films fabricated in the manner previously described, this was deemed

sufficient. However, for future work, it should be noted that for larger grains or no
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grain boundaries (single crystals) O, diffusion rates and therefore annealing times are

significantly different [40].

4.3 Characterization

After annealing, the samples are characterized by with transition temperature mea-
surements and x ray spectra. The critical temperature of the sample is determined
using an AC probe and cryostat system. As a function of temperature the intensity
of sample response (proportional to resistivity) is determined. The quality of the
final product can also be determined from this T, measurement. The width of the
transition ("Full Width Half Max’ of the first derivative of the curve) should be quite
narrow. A width of  to 2 Kelvin is considered excellent and widths on the order of
a few degrees are generally acceptable.

The x ray spectra of the film is used to determine the ¢ axis lattice spacing. This
parameter then allows us to calculate the oxygen content of the film and estimate
a critical temperature from previous empirical studies [42, 43]. Interference of x
rays due to scattering from various sets of parallel planes of atoms yields relative
maxima and minima. Waves scattered from two successive atoms within a plane
will be in phase and thus interfere constructively, independent of the wavelength if
the scattering angle equals the incident angle. Waves scattered at equal angles from

atoms in two different planes will be in phase if
2dsin(f) = mA

where m=1nteger is satisfied. This condition, known as the Bragg equation, in com-

bination with the measurement of scattered intensity as a function of incident angle
o



