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ABSTRACT

The motivation for this was to develop reliable 
techniques for depositing high-quality, thin, lanthanum 
aluminate layers which could be incorporated into high- 
temperature superconducting devices for microwave 
applications. A process was developed to prepare high-quality 
lanthanum aluminate powder. Ionic solutions of lanthanum and 
aluminum were combined, coprecipitated, filtered, dried at 150 
°C and calcined at 950 °C in air. The resulting powder was 
used to make sputtering targets for the deposition study. 
This study consisted in rf-magnetron sputtering of thin films 
of lanthanum aluminate onto sapphire substrates. The effects 
of different deposition parameters and post-annealing 
treatments were investigated. Randomly oriented lanthanum 
aluminate films were prepared by post-annealing amorphous 
films at temperatures greater than 800 °C in air. The quality 
of these polycrystalline films was unsuitable for device 
applications. A high-quality, well-oriented lanthanum 
aluminate film was deposited onto a well-oriented, crystalline 
EBCO superconductive film. The morphology of this film was 
smooth at 3000X magnification and appeared to be suitable for 
high-temperature superconducting device applications. This 
result showed that matching the lattice constant of the film 
and substrate is an important consideration when trying to 
grow crystalline films of lanthanum aluminate.
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Chapter 1

1

1.0 INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Low-temperature superconducting circuits have 
demonstrated excellent performance properties in various 
high-frequency applications such as passive microwave 
devices, high-speed counters, and ultra-high-speed 
microprocessors (1). These devices are typically 
constructed from Josephson Junctions, which consist of two 
superconducting layers separated by a thin insulating layer 
(approximately 10 À thick) (2). The construction of 
Josephson Junctions is contingent upon the ability to 
deposit high quality superconducting and dielectric thin 
films (1). One of the factors limiting industrial 
applications of the low temperature superconducting devices 
is the cost of cooling the devices to their operating 
temperatures. Liquid helium (4.2 K) is the expensive 
coolant required for operating these devices (2). When high 
temperature superconductors were discovered, many 
researchers were optimistic that economical superconducting 
devices could be developed for industrial applications. The 
high temperature superconductors have critical temperature
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transitions above the boiling point of liquid nitrogen 
(77 K), thereby allowing the superconducting devices to 
operate at higher temperatures than at 4.2 K provided by 
liquid helium. Liquid nitrogen is an economical coolant, 
since it is a byproduct in the process of making liquid 
oxygen (3).

As observed in the development of the low temperature 
superconducting devices, high temperature superconducting 
devices will be contingent upon the development of 
processing techniques of high quality superconducting and 
dielectric thin films (1). These deposition techniques need 
to be reliable as well as reproducible. Ideally, one would 
like to deposit superconducting thin films onto substrate 
materials which are commonly used in high frequency 
applications such as sapphire and silicon. However, these 
substrates tend to react with the superconducting films and 
degrade their superconducting properties (4,5). Many 
researchers have focused on investigating possible buffer 
layer materials which would limit the chemical and 
interdiffusion interactions between the substrate and the 
superconducting film. The first requirement for buffer 
materials is that they are chemically inert at elevated 
processing temperatures, thereby preventing possible 
interdiffusion between the substrate and film. The buffer 
material should also display favorable dielectric properties
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for high frequency applications such as low dielectric 
constant and loss tangent. Additionally, the buffer 
material should also have similar lattice parameters and 
thermal expansion coefficients to the superconductor and 
substrate from the highest processing temperature to below 
the temperature at which the device is intended to be used.

1.2 COMPARISON OF COMMON HIGH Tc SUPERCONDUCTING SUBSTRATE
AND BUFFER LAYER MATERIALS

1.2.1 LATTICE PARAMETERS

The strain between high Tc superconducting thin films 
and buffer 1ayer\substrate materials can be minimized by 
matching the lattice parameters of these materials with 
those of the superconductors. Typically in thin film 
superconductor applications using ReBa2Cu307_x compounds 
(where Re is usually yttrium or erbium), or more commonly 
referred to as 1-2-3 superconductors, the preferred 
superconducting film orientation is with the c-axis 
perpendicular to the substrate plane (6,7). (In this report 
all data and analyses will adhere to the more common 
convention where the c-axis is defined as 11.69 À in 
contrast to the convention used in the Powder Diffraction
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Index to label the lattice constants of the 1-2-3 
superconductors (8).) This orientation is preferred since 
it maximizes the current flow along the c-axis (7).
Therefore the buffer layer and substrate lattice parameters 
should be matched with the a (3.8856 À) and b (3.8185 À) 
lattice constants for yttrium barium copper oxide (YBCO)
(8). Table 1.2.1 lists the percent difference of lattice 
parameters between YBCO and some buffer layer and substrate 
materials. As seen in this Table, lanthanum aluminate 
closely matches the basal plane of YBCO with a maximum 
lattice mismatch of 2.769 percent. More importantly the 
lattice parameters are between those of the YBCO basal plane 
and sapphire [1*102] , 3.479 Â (9). The sapphire [1102] 
substrate is often referred to as the r-plane and is 
commonly used in high frequency applications (5,10).

1.2.2 ELECTRICAL PROPERTIES

Current microwave applications typically operate in the 
frequency range of 1 to 30 GHz, leaving a portion of the 
microwave band unused (i.e., the frequency range from 3 0 GHz 
to THz). Microwave applications include radar, passive 
microwave devices, telecommunications, high speed counters, 
and ultra-high-speed processors (1). Higher frequency
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TABLE 1.2.1
Lattice Mismatch of Buffer and Substrate Materials 

With the Basal Plane of YBCO
Compound a axis 

(À)
b axis
(Â)

Percent 
a axis

Difference 
b axis

Ref.

LaA103 3 .778 2.769 1.061 (11)LaGa03 3 .875 - 0.2783 1.480 (11)SrTiO; 3.905 - 0.4993 2.265 (12)
MgO 4.213 - 8.426 10.33 (13)
YSZ 5.139 - 32.26 34.58 (14)
SrLaA104 3.755 - 3.361 1.663 (15)
KTaO; 3.989 - 2.592 4.274 (16)
CaNdA104 3.688 - 5.085 3.418 (17)
BaTiO; 4.035 - 3.845 5.670 (16)
NdGaO-z 3 .851 - 0.891 0.851 (16)
Ag 4.086 - 5.158 6.884 (16)
Si 5.4301 - 39.75 42.21 (16)
Cu 3.6153 - 6.956 5.321 (16)
Nb 3.307 - 14.89 13 .14 (16)

applications are not technically possible with current 
semiconductor technology, in part due to the limited 
sensitivity of these devices. Researchers are optimistic 
that with high Tc superconducting devices such as the 
superconducting tunnel junctions, high-frequency microwave 
applications may be possible (18). These types of 
superconduct ing devices require that the non-superconducting 
packaging materials have specific electrical properties. 
Ideally the electric properties of the buffer layer should 
not interfere with or alter the electrical properties of the 
superconductor. In microwave frequency applications with
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high Tc superconductors the buffer layer should have a low 
dielectric constant and loss tangent.

A material with a lower dielectric constant has a 
smaller electric displacement in contrast to a material with 
a large dielectric constant. This relationship can be 
derived from the constitutive equation:

D = e B (1.1) (19)
where D is the electric displacement, e is the permittivity, 
and E is the electric field applied. By definition the 
permittivity is related to the dielectric constant and the 
permittivity constant?

e = /Ce €o (1-2) (19)
where /Ce is the dielectric constant of the material and e0 
is the permittivity constant. Substituting equation (1.2) 
into equation (1.1) shows that the electric displacement is 
linearly dependent on the dielectric constant of the 
material

D = Ke e0 B . (1.3)

When an electric field is applied to a dielectric 
material, the material polarizes as described by the 
following equation:

D = eo E + P (1.4) (19)
where P is the polarization vector of the material. When an 
alternating electric field is applied to a material the
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polarization vector also varies. At low frequencies the 
alternating electric field and the polarization vector are 
nearly in phase. However, at high frequencies the 
polarization vector cannot change as rapidly as the electric 
field due to the inertia of the charged particles. This 
effect creates a power loss in the material., The loss 
tangent is a measure of the power loss in a material:

tan Sc = e" \ e1 (1.5)
where fie is the loss angle, e" is the imaginary part and e 1 

the real part of the complex permittivity (20).
Tables 1.2.2 and 1.2.3 list the dielectric constants 

and loss tangents for some substrate materials. Lanthanum 
aluminate has a low dielectric constant and loss tangent 
making it an ideal substrate and buffer layer material for 
most high frequency applications (10). Other common 
substrates such as strontium titanate, magnesium oxide, and 
yttrium-stabilized zirconia have dielectric properties which 
are not as favorable for microwave applications as lanthanum 
aluminate.
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TABLE 1.2.2
Dielectric Constants for Substrates

Substrate Dielectric Constant Reference

LaAlOj 16 (21)
oc-A1203 8.6 (21)MgO 9.65 (21)
Si 11.7 (21)YSZ 25 (21)LaGa03 27 (21)KTa03 4000 (21)SrTi03 277 (22)

215-310 (10)
NdGa03 20.2 (22)

TABLE 1.2.3
Loss Tangents for Substrates

Substrate Loss Tangent 
(x 10"4)

Measurement Reference 
Frequency

LaA103 5.8 10 GHz (21)
70 1 MHZ (22)

(@ 77 K) 0.83 10 GHz (10)
AlpOj 10 - (10)
(@ 77 K) 0.00015 9 GHz (10)

MgO 91 1 MHz (21)
YSZ 54 1 MHz (22)
LaGaOj 18 1 MHz (21)
SrTi03 125 1 MHz (22)
CaNdAl04 10 200-600 GHz (17)
SrLaA104 < 1 - (23)
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1.2.3 CHEMICAL STABILITY

One difficult technical challenge is to make a thin 
insulating layer between two superconducting layers for 
device applications. The insulating layer needs to be on 
the order of a few angstroms thick for high Tc applications. 
To successfully deposit an insulating layer with this 
thickness there should not be any significant chemical 
interaction between the superconductor and insulating films. 
Thus, the chemical stability of the buffer layer becomes a 
critical component in developing processing techniques for 
making high Tc superconducting devices.

Recent studies have concentrated on characterizing the 
chemical interactions between high Tc superconductors and 
substrate\buffer layer materials. Common high frequency 
substrate materials such as sapphire and silicon easily 
react with superconducting films when processing 
temperatures are higher than 700 to 900°C (4,5). A study 
performed by C. Cheung and E. Ruckenstein (4) showed that 
silicon, alumina, and zirconia were highly reactive with 
YBCO while magnesium oxide, and silver were not. Strontium 
titanate reacted slightly with YBCO. The authors mixed 
superconducting powder with substrate powder and then heat- 
treated the mixtures from 600 to 945°C. X-ray diffraction
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(XRD) patterns for silicon and YBCO mixtures heat-treated 
above 945°C indicated that a significant amount of 
superconducting material reacted with silicon. The impurity 
phases identified were CuO, Ba2Si04, and Y2BaCuOx. The XRD 
patterns for the alumina and YBCO mixture showed slight 
chemical interaction at 800°C where the impurity phase was 
BaAl204. At heat treatments of 945°C CuO and Y2BaCuOx phases 
were also observed in the alumina-YBCO XRD patterns. Again, 
significant amounts of impurity phases, BaZr03, CuO, and 
Y2BaCuOx were observed for zirconia samples treated at 
945°C. Strontium titanate was less reactive with YBCO than 
silicon, alumina, and zirconia even though a small amount of 
unknown impurity phase was observed upon treatment at 945°C 
(4) .

In contrast, recent studies by R. Simon et al. showed 
that lanthanum aluminate substrates did not react with EBCO 
superconduct ing films during processing at temperatures of 
830°C (21,24). This was later confirmed by a mixed powder 
study performed by A. Bono (25). This study concluded that 
there was no observable interaction between the lanthanum 
aluminate and YBCO powder following heat treatment at 
1000°C. The only phase changes in the XRD patterns were 
ascribed to the orthorhombic to tetragonal transition of the 
YBCO (25). The chemical stability of lanthanum aluminate 
makes it an ideal candidate for buffer material in high Tc
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1.2.4 THERMAL PROPERTIES

The buffer layer material for superconducting films 
should have suitable thermal properties such as a similar 
coefficient of thermal expansion (GTE) to the 1-2-3 
superconductors and exhibit no structural or phase changes 
from high processing temperatures to low superconducting 
application temperatures. The coefficient of thermal 
expansion of the buffer material should closely match with 
the superconductor to reduce film cracking that can occur. 
The basal plane of YBCO has an average GTE of
12.9 x 10 ' 6 K"1 (26). Table 1.2.4 compares the
coefficients of thermal expansion of different substrate and 
buffer materials. Sapphire and silicon CTE’s are 
significantly different from that of YBCO. This difference 
in thermal expansion of the substrate and superconducting 
film causes the film to crack as reported by several 
research groups (26,27). The GTE for lanthanum aluminate is 
comparable to the basal plane of YBCO and therefore should 
be suitable for buffer layer applications (22,27). Another 
advantage is that the GTE of lanthanum aluminate is in 
between that of YBCO and sapphire.



Potential buffer layers should be thermodynamically 
stable over a large temperature range. Lanthanum aluminate 
has a rhombohedral structure at room temperature with the 
following lattice constants : a = 5.357 À and a = 60° 6 1 

(32). The rhombohedral structure deviates slightly from a 
cubic structure and is often approximated by using a pseudo- 
cubic structure with the lattice constants a = 3.790 Â and 
a =90° 051 (16). Lanthanum aluminate has a phase
transition from a rhombohedral to a cubic structure at 
approximately 435°C (10,16,33). This slight phase change 
should cause little roughening of the surface 
superconducting film (10). Lanthanum gallate is another 
good buffer layer candidate except that it has a phase 
transition at 150°C which degrades the quality of the 
superconducting films deposited onto it (22).

1.3 SUMMARY OF THE PHYSICAL PROPERTIES OF LANTHANUM
ALUMINATE

The rhombohedral structure of lanthanum aluminate 
deviates slightly from a cubic structure and is often 
described as pseudo-cubic (16). There is less than a 3 
percent difference between the lattice constant with the 
YBCO basal plane and the pseudo-cubic constant of lanthanum
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TABLE 1.2.4
Thermal Expansion Coefficients of Various 

Substrate and Buffer Materials

Material GTE (x 10"6°C"1) Reference

LaA103 10 (28)
LaGa03 10.3 (22)
a i2o3 8.8 (29)
MgO 13.5 (29)
YSZ 9.2 (22)
SrTiO, 10.4 (22)
Si 2.2 (30)
Ag 19 (31)Cu 16.6 (31)

aluminate (8,11). The dielectric properties of lanthanum 
aluminate are superior to strontium titanate and slightly 
better than magnesium oxide (MgO) and yttrium-stabilized 
zirconia (YSZ) (Tables 1.2.2 and 1.2.3). Even though the 
dielectric constant and loss tangent for lanthanum aluminate 
are not as low as sapphire, they are still in the acceptable 
range for most microwave applications (10). Lanthanum 
aluminate has been proven to be chemically stable up to 
processing temperatures of 1000“C (25). Lanthanum gallate 
is another suitable substrate and buffer layer candidate for 
high Tc superconductors. The major disadvantage of 
lanthanum gallate is that it has a phase transition from 
cubic to tetragonal at 150°C which causes defects in the
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YBCO films. Lanthanum aluminate also has a phase transition 
that occurs within the processing temperatures, but since 
the transition is from pseudo-cubic to cubic the disruption 
to the YBCO film because of the transition is minimal (10). 
For the above reasons we chose to investigate the deposition 
processes of lanthanum aluminate films onto sapphire 
substrates.

Unlike lanthanum aluminate single crystals, lanthanum 
aluminate in the form of powder and sputtering targets was 
not commercially available at the start of this project. 
Therefore, a study was initiated to prepare and characterize 
lanthanum aluminate powder. The purpose of this study was 
to develop a reliable processing method to prepare high 
quality lanthanum aluminate powder. The powder was then 
used to make rf-sputtering targets for the lanthanum 
aluminate deposition studies. The deposition studies 
consisted of investigating the effects of different 
deposition parameters such as substrate positioning, 
sputtering gas pressures, post-annealing, use of metallic 
buffer layers, in-situ-post annealing, and substrate lattice 
matching.
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2.0 LANTHANUM ALUMINATE POWDER PREPARATION AND
CHARACTERIZATION

2.1 LITERATURE REVIEW FOR LANTHANUM ALUMINATE POWDER
PREPARATION AND CHARACTERIZATION

Lanthanum aluminate powder has been prepared using a 
variety of processing techniques such as mixing oxide 
powders followed by heat treatment (34,35), chemical 
solution precursors followed by coprecipitation (36-40), 
sol-gel processing (41), and molten reaction (42). The most 
widely used powder preparation techniques are mixing oxide 
powders and chemical solution precursors. Mixing 
stoichiometric one-to-one ratios of lanthanum and aluminum 
oxide powders followed by calcination is the simplest method 
for preparing lanthanum aluminate powders. This process 
requires higher temperature treatments and typically 
requires regrinding and heat-treatment of the powder to 
ensure homogeneity of the product (43). Use of the chemical 
precursor technique allows for precise control of the 
stoichiometry and purity of the powder product. Another 
advantage of using precursors is that fine homogeneous 
powder products can be made using lower processing
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temperatures (43).

Roth (34) made lanthanum aluminate by combining a 
correct molar ratio of high purity powders of lanthanum and 
aluminum oxide and then pressing the powder into small 
pellets and calcining them at 1100°C for 4 hours. The 
product was ground, mixed, and pressed into pellets again. 
The pellets were then calcined at 1550°C for five hours. X- 
ray diffraction analysis showed the structure of the powder 
product to be rhombohedral and of a perovskite-type with 
pseudo-cubic lattice parameters of a = 3.788 A and 
a =90° 4I1 (34). These pseudo-cubic lattice parameters 
values matched closely with other published data for 
lanthanum aluminate indicating that the powder product was 
lanthanum aluminate. In another study performed by Keith 
and Roy, lanthanum aluminate powder was made by mixing oxide 
powders. One heat-treatment consisted of heating the 
powders to 1640°C for 90 minutes and another heat-treatment 
calcined the powder at 700°C for three days with 5000 psi of 
stream pressure. XRD analysis showed that both heat 
treatments produced powders which were pseudo-cubic and had 
a perovskite-type structure. The lattice constant for the 
pseudo cubic cell was determined to be 3.778 ± 0.001 À.

Vidyasagar, Golpalakrishnan, and Rao (37) prepared 
lanthanum aluminate using hydroxide precursor solutions. To 
make the hydroxide precursor they combined one-to-one molar
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ratios of lanthanum hydroxide and aluminum hydroxide with a 
nitrate solution. They then added ammonium hydroxide to 
facilitate precipitation of the hydroxides. The precipitate 
was collected by filtering; then it was washed and dried. 
They report the decomposition temperature of La0 5A105(OH)3 
to be 645 K and the formation temperature of LaA103 to be 
about 1170 K (37). Aslanysan, Nadzharyan, and Nikoggsyan 
(38) also prepared aqueous solutions of rare earth metals 
and aluminum ions to make monoaluminates. The precipitating 
agents used were ammonia, (NH3) and (NH4)2C03. The 
precipitates were collected and dried at 100-160°C. They 
report that after heat treatment at 200-600°C the powder is 
amorphous and that the crystallization temperature for 
monoaluminates is between 805 to 930°C (38). Chemical 
precursor solutions provide flexibility in the selection of 
lanthanum and aluminum salts as well as the precipitating 
agent used in hydrolysis reactions. Processing temperatures 
are significantly reduced when the precursor technique is 
implemented.

2.2 PROCEDURE TO MAKE LANTHANUM ALUMINATE POWDER

The motivation for making lanthanum aluminate was to 
generate a supply of high quality powder which would be used
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to make rf-sputtering targets. The lanthanum aluminate 
powder was to be hot pressed into 38 mm (approximate 
diameter) pellets for rf-sputtering targets. A chemical 
precursor technique was chosen to prepare the lanthanum 
aluminate powder, since the homogeneity and stoichiometry of 
the powder product could be precisely controlled. Aqueous 
ionic precursor solutions were made by dissolving lanthanum 
and aluminum salts. The ionic solutions were then combined 
into one-to-one molar ratios of lanthanum to aluminum ions. 
Three different processing procedures were compared. In the 
first and second procedures, hydrolysis reactions were used 
to coprecipitate lanthanum and aluminum hydroxides. The 
first process filtered and washed the precipitates. The 
second evaporated the solvent from the precipitate after 
completion of the hydrolysis reaction. The third process 
evaporated the solvent from the precursor solution without 
hydrolysis. The materials from all three processes were 
either dried overnight in a drying oven at 100 to 150°C or 
on a hot plate (500°C). The powders were then ground with a 
pestle and mortar and calcined at either 500 or 950°C.

The effects of different lanthanum and aluminum salts 
used to make the solution precursors were investigated. The 
salts used to make lanthanum salt solutions were lanthanum 
hydroxide (La(0H)3) and lanthanum nitrate (La(N03)3) . The 
starting material for aluminum salt solution was aluminum
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chloride (A1C13) and aluminum nitrate (A1(N03)3). Finally, 
the effects of heat-treatment parameters were compared.
Small amounts of lanthanum aluminum hydroxide were calcined 
both in pellet and powder form in either oxygen or air 
environments.

In all of the three processes the lanthanum and 
aluminum salt solutions were prepared similarly. Lanthanum 
hydroxide precursor was made by dissolving lanthanum 
hydroxide with nitric acid in an aqueous solution. The 
chemical reactions are as follows:

La (OH) 3 (8) + 3HN03 (aq) -* La(N0 3)3 (aq) + 3H20 (l)
and

La (N03) 3 (aq) + 3H20 (l) - La (OH) 3 (s) + 3HN03 (aq) .
Lanthanum nitrate can be dissolved directly in water and the 
chemical reaction is:

La (n03) 3 (s) + 3H20 (l) - La (OH) 3 (s) + 3HN03 (aq) . 
Aluminum chloride and aluminum nitrate both dissolve in 
water. The chemical reactions for these salt solutions are: 

A1C13 (s) + 3H20 (l) -» A1(0H)3 (s) + 3HC1 <aq)
and

Al (NO3) 3 (s) + 3H20 (l) - A1(0H)3 (s) + 3HN03 (aq) .
All starting materials were at least 99.99 % pure^

The first and second processes used ammonium hydroxide, 
NH4OH, to coprecipitate lanthanum and aluminum hydroxide.
The hydrolysis reactions are as follows:
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La (NO,), (aq) + 3NH4OH (aq) - La (OH), (s) + 3NH.NO, (aq)

and
hno3 (aq) + nh4oh (aq) -* nh4no3 (aq) + h2o .

The solubility product constants listed in Table 2.2.1 were 
used to calculate the solubilities of lanthanum and aluminum 
hydroxides in an aqueous solution at the different pH levels 
listed in Tables 2.2.2 and 2.2.3. For example the equation 
used to calculate the solubility of lanthanum hydroxide is

Ksp = [La3*] [OH'] \ [La(OH),] (2.1)
where Ksp is the solubility product constant, [La3*] is the 
molar concentration of lanthanum ions, [OH"] the molar 
concentration of OH", and [La(OH),] the molar concentration 
of lanthanum hydroxide (44). Figure 2.2.1 shows a plot of 
the solubilities of lanthanum and aluminum hydroxides at 
different pH values. The solubility curve defines the 
conditions, i.e., concentration and pH, where both ions and 
hydroxide precipitates exist in equilibrium. The region to 
the right of the solubility curve is the region where the 
concentration of the hydroxide precipitates in the solution 
is greater than the ion concentration and vice versa in the 
region to the left. The ion concentration used to make the 
precursor solutions was IxlO"2 molar. The pH level required 
for hydrolysis is approximately 8.2 (see Figure 2.2.1). 
Therefore the pH level selected to coprecipitate lanthanum 
and aluminum hydroxides was 8.50 and was obtained by adding
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ammonium hydroxide which had a pH of 13.20.

The salt solution of lanthanum and aluminum ions 
usually had a low pH value between 1.0 and 2.0. Aluminum 
hydroxide at IxlO"2 molar concentration begins to 
precipitate at a pH value of approximately 3.3 (see Figure 
2.2.1), while lanthanum hydroxide precipitates at 
approximately 8.2. The solution was magnetically stirred to 
break up the aluminum hydroxide and occluded impurities in 
the precipitates while ammonium hydroxide was slowly added 
to the solution and for thirty minutes after a minimum pH 
level of 8.5 was reached.

O
o>o
-20

-30
pH

o : A1(0H)3 a :La(0H)3

Figure 2.2.1: Solubilities of lanthanum and aluminum at
different pH values.



T-3956 22

TABLE 2.2.1
Solubility Product Constants in Water

[ A1 (OH) 3] 
[La(OH),]

1.9 x 10"33 
io"20

(45)
(45)

TABLE 2.2.2
Solubility of Lanthanum Hydroxide

PH [H+] [OH]3 [ La3+ ]
(molar) (molar) (molar)

2 1.0 x 10*1 1.0 x IO'35 1.0 x 1016
4 1.0 x 10"3 1.0 x IO 2* 1.0 x IO10
6 1.0 x 10"5 1.0 x 10'23 1.0 x 104
8 1.0 x 10'7 1.0 x 10'17 1.0 x Î O 2

10 1.0 x 10* 1.0 x 10'11 1.0 x 10'8
12 1.0 x 10'11 1.0 x 10*5 1.0 x 10"14

TABLE 2.2.3 
Solubility of Aluminum Hydroxide

PH [H+] [OH]5 [ La3+ ]
(molar) (molar) (molar)

2 1.0 X 10*1 1.0 x 10"35 2.0 x 102
4 1.0 X 10'3 1.0 x IO*29 2.0 x 10'4
6 1.0 x 10'5 1.0 x ÎO 23 2.0 x IO"10
8 1.0 x IO'7 1.0 x 10"17 2.0 x 10'16

10 1.0 x 10* 1.0 x 10*11 2.0 x ÎO 22
12 1.0 x 10'11 1.0 x 10*5 2.0 x 10‘28
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The first process allowed the precursor solution to sit 

overnight so that the particles could grow. This step 
prevented unnecessary loss of material in the filtering 
step. The filter cake, La(OH)3Al(0H)3 gel, was dried in an 
air bath until it had a dry powder consistency, LaAl(0H)6. 
The filter cake was further dried overnight at 100-150°C. 
After drying, the material was ground into a fine powder and 
was ready for calcination. The calcination parameters are 
described later sections.

The second process evaporated the solvent from the 
precursor solution until it was dry. During evaporation the 
solution was magnetically stirred so the remaining solution 
would be a homogenous mixture of lanthanum and aluminum 
hydroxide. The dried material, LaAl(OH)6 was collected and 
ground to a fine consistency.

After the powder had been dried overnight, the samples 
were prepared for different calcination treatments. Due to 
the limited amount of LaAl(OH)6 powder prepared using the 
first and second processing techniques, only a subset of 
calcination parameters was investigated. Approximately 
250 mg of powder prepared using the first and second 
processes was measured and pressed into pellets 13 mm in 
diameter using 9000 pounds of pressure in a static hydraulic 
press. The pellets were placed in a flat alumina crucible 
and calcined at 500°C in air or at 950°C in oxygen for five



T-3956 24
and one half hours. Approximately 100 mg of the same powder 
samples were weighed and placed onto aluminum slats for 
calcination. The powder samples were fired in air at either 
500 or 950°C for five and one half hours. These calcination 
temperatures were selected to compare the products calcined 
below and above most of the decomposition temperatures for 
occluded powder impurities and lanthanum aluminum hydroxide 
(see Table 2.2.4).

TABLE 2.2.4
Decomposition Temperatures of Lanthanum 

and Aluminum Nitrates and Hydroxides
Compound Melting

Temp.
(°C)

Boiling
Temp.
(°C)

Decomposition
Temp.
(°C)

Reference

A1C13 190 187. 2 (31)Al(OH)3 300 - - (31)A1(N03)3 73.5 — • 150 (31)LaCl3 860 >1000 - (31)La(OH)3 - — 300-400 (46)
La (N03) 3 40 - 126 (31)
n h4n o3 - 520 - (31)
n h4c i a i c i3 304 - - (31)
La0.5A 0̂.5 (OH) 3 — 372 (37)

The third process simply combined one-to-one molar 
ratios of lanthanum and aluminum salt solutions made from 
La (N03) 3 and A1(N03)3 and evaporated the solvent from the 
solution. The powder material was stirred and heated on a
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hot plate until most of the nitrates had decomposed. The 
powder was then ground and measured into approximately 250 
mg samples for calcination. The samples were calcined at 
500 and 950°C in powder and pellet form and in oxygen or air 
environment.

2.3 RESULTS AND ANALYSIS OF LANTHANUM ALUMINATE POWDER

The lanthanum aluminate powder products were 
characterized with x-ray diffraction (XRD) and energy 
dispersive spectroscopy (EDS). Using x-ray diffraction the 
structure and purity of the product was determined. Using 
energy dispersive spectroscopy the impurity elements present 
in the products were identified.

A Rigaku Rotaflex x-ray powder diffractometer was used 
in all of the powder diffraction measurements. The 
radiation source was Cu k-alpha with a wavelength of 
1.540598 Â. Typical scanning parameters are listed in 
Table 2.5. All samples were ground into a fine powder using 
an alumina mortar and pestle. The powder was mounted onto a 
glass slide with double stick tape. This method was chosen 
since only small quantities of the powder product were 
available for analysis. The x-ray diffraction patterns were 
recorded on a strip chart.
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The scanning electron microscope (SEM) that was used 

for impurity identification was a JOEL JXA-840. The 
apparatus has EDS for qualitative compositional analysis.
The software used to collect and process the EDS data was 
standardless semi-quantitative analysis (SSQ) by Tracor 
Northern. With the aid of this software, impurity elements 
were identified. The powder was typically analyzed at a 
magnification range of 100X to 1000X.

Bragg1s law was used to calculate the d-spacings from 
the XRD patterns:

dhki = X\ 2 sin(6) (2.2)
where dhkl is the d-spacing in À, X is the x-ray wavelength, 
and 0  is half the Bragg diffraction angle (47). The 
calculated d-spacing of the product x-ray diffraction 
patterns were compared with d-spacings reported by other 
researchers (Tables 2.3.6-2.3.11). Some product d-spacings 
and relative peak heights are listed in Tables 2.3.7-2.3.11. 
The d-spacings listed in Tables 2.3.7 and 2.3.8 closely 
match with the strong intensity Bragg peaks previously 
published data listed in Table 2.3.6. The relative peak 
heights were compared to the relative intensities listed in 
Table 2.3.6. The normalized peak heights matched fairly 
well with the relative peak intensities. The difference 
observed between them was because the relative peak 
intensity calculated integrated the area beneath the Bragg
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TABLE 2.3.5
X-Ray Diffraction Scanning Parameters 

Theta/Two-Theta Scan
Filament Voltage
Filament Current
Scanning Range
Scanning Speed
Step Width for Two-Theta
Count Time per Step
Strip Chart Recorder Speed

40 kV 
60 mA
20-90 degrees 
2 degrees\min 
0.1 degrees 
0.5 seconds 
20 mm\minute

TABLE 2.3.6
dl-Spacings for Lanthanum Aluminate Powder

S. Celia and V. Bala (32) M. Mizuno et. al. (48)
d-spacing Intensity d-spacing Intensity
(A) Ranking (A) (Normalized)
3.797 s 3.792 80
2.657 vs 2.682 100
2 . 286 vw-w 2.287 3
2 .188 s 2.191 45
- - 2.185 40

1.896 s 1.896 60
1.736 vvw 1.740 3
1.696 m 1.695 20

- - 1.6925 11
1.548 s 1.548 30

- - - 1.5460 30
- — 1.5440 13

1.342 w-m 1.3145 14
1.339 m 1.3390 19
1.264 m 1.2640 8- - 1.2620 6
1.199 m 1.1980 16
1.198 m-s — —



T-3956 28

TABLE 2.3.7
Calculated d-Spacings for Powder Product 

Made from Lanthanum Hydroxide and Aluminum 
Chloride Starting Materials, Filtered, and

Calcined at 950°C in Oxygen (Pellet)
Two*Theta
(Degrees)

d-Spacing
(A)

Intensity
Ranking

Normalized 
Peak Height

23.45 3.791 2 49.1
33.40 2.681 1 100.0
41.20 2.189 3 42.8
47.95 1.896 4 32.0
54.05 1.695 6 16.8
59.70 1.547 5 30.5
70.20 1.340 7 14.7
75.10 1.264 8 7.9

TABLE 2.3.8
Calculated d-Spacings for Powder Product 
Made from Lanthanum Hydroxide and Aluminum 
Chloride Starting Materials, Filtered, and 

Calcined at 950°C in Air (Powder)
Two*Theta
(Degrees)

d-Spacing
(A)

Intensity
Ranking

Normalized
Intensity

23.60 3.767 2 51.6
33.55 2.669 1 100.0
41.40 2.180 3 48.6
48.10 1.890 4 39.5
54.20 1.691 6 21.9
59.80 1.545 5 34.7
70.3 1.338 7 17.4
75.2 1.262 8 9.5
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TABLE 2.3.9
Calculated d-Spacings for Powder Product 

Made from Lanthanum Hydroxide and Aluminum 
Chloride Starting Materials, Evaporated, and

Calcined at 5008C in Air (Pellet)
Two*Theta d-Spacing Intensity Normalized
(Degrees) (A) Ranking Peak Height
25.40 3.504 2 86.2
26.00 3.424 9 23.0
28.50 3.129 7 27.6
30.80 2.901 3 71.3
34.10 2.627 1 100.0
39.40 2.285 11 14.3
40.70 2.215 4 41.7
44.10 2.052 5 36.8
45.40 1.996 11 14.3
46.20 1.963 12 13.4
50.80 1.800 8 25.4
51.50 1.773 8 25.4
56.70 1.622 6 33 . 3
58.20 1.584 10 21.0
60.50 1.529 13 12.0
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TABLE 2.3.10
Calculated d-Spacings for Powder Product 
Made from Lanthanum and Aluminum Nitrate 
Starting Materials, Filtered, and Calcined

at 950°C in Oxygen (Pellet)
Two*Theta d-Spacing Intensity Normalized
(Degrees) (A) Ranking Peak Height
23.40 3.799 2 46.6
25.00 3.559 7 22
26. 00 3.424 10 13
27.50 3.241 5 33
29.00 3.077 9 19
29.60 3 . 016 8 22
30.80 2.901 7 23
33.40 2.681 1 100.0
41.20 2 .189 3 39.6
43.80 2.065 10 13
45.60 1.988 11 11
47.90 1.898 4 36
54.10 1.694 7 23
55.10 1.665 12 11
55.40 1.657 11 12
59.70 1.548 6 30
70.10 1.341 8 17
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TABLE 2.3.11
Calculated d-Spacings for Powder Product 
Made from Lanthanum and Aluminum Nitrate 
Starting Materials, without Hydrolysis, 
and Calcined at 950°C in Oxygen (Powder)

Two*Theta
(Degrees)

d-Spacing
(A)

Intensity
Ranking

Normalized 
Peak Height

23.60 3.767 2 49.0
26.20 3.399 10 8.8
27.80 3.207 14 6.1
29.20 3.056 9 9.9
30.00 2.976 6 21.0
33.50 2.673 1 100.0
39.80 2.263 13 6.8
41.30 2.184 3 41.0
46.20 1.963 11 8.9
48.10 1.890 4 34.3
52.20 1.751 12 7.1
54.10 1.694 7 19.0
55.50 1.654 13 6.3
56.10 1.638 15 5.1
59.80 1.545 5 31.0
70.20 1.340 8 16.0

peak. The relative peak height was consistent with the 
intensity ranking presented by S. Celia and V. Bala (32).

The x-ray product diffraction patterns that agreed with 
published d-spacing data for lanthanum aluminate powder were 
used to calculate the lattice constants of these products 
(Table 2.3.12). By definition the d-spacing, dhkl, is equal 
to the inverse magnitude of the reciprocal lattice vector,
r  hkt '

d hkl =  1 / 1  r *hkl I ( 2 . 3 )
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where h, k, 1 are the Miller indices (47) . The structure of 
lanthanum aluminate can be approximated by assuming a 
pseudo-cubic structure (32). Therefore the diffraction data 
were interpreted by assuming a simple cubic structure. The 
reciprocal lattice vector for a simple cubic lattice is 

r*hla = a / ( h2 + k2 + I2 )0-5 (2.4)
where a is the lattice parameter. By substituting this 
expression into equations 2.3 and 2.4 and then into equation 
2.2 an expression may by obtained relating the Bragg peak 
positions with the lattice parameter

a = (X) (h2 + k2 + h2)0'5 / (2) (sin(0) ) . (2.5)
Table 2.3.12 lists the published pseudo-cubic lattice 
parameters for lanthanum aluminate. Table 2.3.13 lists the 
lattice parameters for some powder products.

Deviation from the simple cubic structure was 
calculated for the diffraction patterns to determine if the 
pseudo-cubic approximation is appropriate. The method used 
to calculate the structure is described by Schwartz and 
Cohen (47) for indexing powder diffraction patterns for 
powders with unknown structures. This calculation was done 
by taking the ratio of the xth reciprocal lattice vector 
squared, r*2x, and the smallest reciprocal lattice vector 
squared, r*21. By noting that r*2hkl is equal to l/d2hkl and 
substitute this expression into Bragg's law, we obtain 

(X)2 = 4 (sin2(6)) / r*2hkl. (2 .6 )
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Solving this equation for the reciprocal lattice gives 

r*2hkl = 4(sin2(©)) / (X)2. (2.7)
Now, taking the ratio of the reciprocal lattice vectors, we 
may simplify to get the following expression

r*2,/ r*2, = sin2(9)/ sin2(e)v (2.8)
The expected values for the reciprocal lattice ratios for a 
simple cubic structure are listed in Table 2.3.14.

TABLE 2.3.12
Lattice Constants for Lanthanum Aluminate 

(Pseudo-Cubic Structure)
Lattice Constant Reference

(A)
3.778 (35)
3.788 (34)
3.790 (32)
3.778 (11)

TABLE 2.3.13 
Lattice Constants for Lanthanum Aluminate 
Powder Products (Pseudo-Cubic Structure)
Lattice Constant Data from

(A) Table
3.79 7
3.78 8
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TABLE 2.3.14

Deviation from Pseudo-Cubic Structure
Simple

hkl
Cubic Structure

s i n ^ ( e ) x/sin (0) 1
Powder Product (Data 
Bragg Peak 
Location(Degrees) Ï.2

U
S,A

3 g
CD 
CD r<
5 H <D

100 1 23.5 1
110 2 33.4 1.99
111 3 41.2 2.98
200 4 48.0 3.99
210 5 54.1 4.99
211 6 59.8 5.99
220 8 70.2 7.97
300 9 75.1 8.96

2.4 RESULTS AND CONCLUSIONS FOR LANTHANUM ALUMINATE POWDER 
PREPARATION

The XRD patterns of the powder products fired at 500°C 
show no lanthanum aluminate Bragg peaks. The shape of the 
diffraction pattern shows that the structure of the material 
is amorphous (Figures 2.4.1 and 2.4.2). On the other hand, 
most of the XRD patterns of powder products fired at 950°C 
contained lanthanum aluminate Bragg diffraction peaks 
(Figures 2.4.3 - 2.4.8). This result is consistent with the 
Vidyasagar, Gopalakrishnan, and Rao study (37), where they 
reported the formation temperature of lanthanum aluminate to 
be around 8978C.
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Figure 2.4.1: Diffraction pattern for powder made from

lanthanum hydroxide and aluminum chloride. 
Processing method included hydrolysis, 
filtration, calcination at 5008C in air and 
pellet form.
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Figure 2.4.2: Diffraction pattern for powder made from
lanthanum and aluminum nitrates. Processing 
method included hydrolysis, filtration, 
calcination at 5008C in air and pellet 
form.
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Diffraction pattern for powder made from 
lanthanum hydroxide and aluminum chloride. 
Processing method included hydrolysis, 
filtration, calcination at 950°C in oxygen 
and pellet form.
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Diffraction pattern for powder made from 
lanthanum hydroxide and aluminum chloride. 
Processing method included hydrolysis, 
filtration, calcination at 950°C in air and 
powder form.
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Figure 2.4.5: Diffraction pattern for powder made from
lanthanum hydroxide and aluminum chloride. 
Processing method included hydrolysis, 
evaporation, calcination at 950*0 in oxygen 
and pellet form.
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Figure 2.4.6: Diffraction pattern for powder made from

lanthanum and aluminum nitrates. Processing 
method included hydrolysis, filtration, 
calcination at 950*0 in oxygen and pellet 
form.
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2.4.7: Diffraction pattern for powder made from

lanthanum and aluminum nitrates. Processing 
method included evaporation, calcination at 
950°C in air and powder form.
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2.4.8: Diffraction pattern for powder made from

lanthanum and aluminum nitrates. Processing 
method included evaporation, calcination at 
950°C for 24 hours in oxygen and powder 
form.



T-3956 39
The purities of the powder products were compared for 

each processing method. The best results were achieved from 
the salt solution made from lanthanum hydroxide and aluminum 
chloride (Figures 2.4.3 and 2.4.4). The XRD patterns have 
no observable impurity peaks. No substantial difference was 
observed in the XRD patterns for products prepared using 
either filtration or evaporation for precipitation 
collection (Figures 2.4.4 and 2.4.5). The calculated 
pseudo-cubic lattice parameters for the powder products in 
Figures 2.4.3 and 2.4.4 are 3.79 ± 0.01 and 3.78 ± 0.01 Â 
respectively. No differences in the XRD patterns were 
observed in products that were calcined in oxygen or air as 
well as in powder or pellet form (Figures 2.4.3 and 2.4.4).

Higher impurity levels were observed in the XRD 
patterns when greater amounts of nitrates were used to 
prepare the salt solutions (see Figures 2.4.6 and 2.4.8). A 
test was performed to see if longer calcination times would 
remove the impurities in the powder. Two powder samples 
prepared by using the third method were calcined at 950-C, 
one for five and one half hours and the other for twenty- 
four hours. Comparison of the XRD patterns shows that the 
relative impurity level decreases with increasing 
calcination times (Figures 2.4.7 and 2.4.8). However, even 
with the longer calcination times the impurity level was 
much greater than observed in the powder products made from



lanthanum hydroxide and aluminum chloride.
SEM analysis showed that chlorine and iron impurities 

were in many of the powder products. No correlation was 
found between the presence of chlorine and the starting 
material. This is most likely due to sample contamination 
during calcination since samples prepared with aluminum 
nitrate and chloride were calcined simultaneously. As 
expected, chlorine was present in samples fired at 500 and 
950°C. The boiling point of lanthanum chloride is greater 
than 1000°C (see Table 2.2.4).

The optimal processing method for lanthanum aluminate 
was the first method where the salt solution was prepared 
from lanthanum hydroxide and aluminum chloride. Ammonium 
hydroxide was added to the solution to coprecipitate 
lanthanum and aluminum hydroxide. The precipitate was 
filtered, washed and dried overnight at 100-150°C. The 
material was then calcined at 950°C in air or oxygen and in 
powder or pellet form. To minimize processing costs 
lanthanum aluminum hydroxide should be calcined in air at
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Chapter 3

3.0 RF-MAGNETRON SPUTTERING AND CHARACTERIZATION OF
LANTHANUM ALUMINATE THIN FILMS

3.1 LITERATURE REVIEW FOR LANTHANUM ALUMINATE THIN FILMS ; 
DEPOSITION TECHNIQUES

3.1.1 THIN FILM DEPOSITION TECHNIQUES

There are many different processing methods to deposit 
thin films of material onto a substrate such as vapor phase 
deposition (VPD), chemical vapor deposition (CVD), molecular 
beam epitaxy (MBE), and spray pyrolysis (6). The most 
common technique is VPD which consists of the following 
deposition methods: sputtering, evaporation, and laser 
ablation. All of these processing methods require medium 
(10"* - 10"7 Torr) to ultra-high (approximately 10"10 Torr) 
vacuum conditions. One advantage of depositing films in 
medium to ultra-high vacuum is that high-purity, thin-film 
samples can be produced. The drawbacks of using vacuum 
systems are the cost of the apparatus and the slow 
processing times. Nevertheless, Leskela et al. (6) reported 
that VPD techniques are the most commonly used for producing
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high quality high Tc superconducting films.

Recently, more articles have reported the use of CVD, 
or more precisely, metal-organic chemical vapor deposition 
(MOCVD) to deposit high Tc superconducting films. The 
advantage of this technique is the deposition of high 
quality superconducting films at lower processing 
temperatures on sapphire substrates. The MBE technique has 
been used to grow highly oriented superconducting films with 
good electrical properties. The major disadvantage of this 
deposition technique is that it requires an expensive ultra- 
high vacuum system (6).

Spray pyrolysis is a more convenient technique since it 
does not require vacuum conditions. A metalorganic solution 
is sprayed onto a heated substrate using an air brush. The 
samples are heated at high processing temperatures typically 
800 - 900°C. However, the films produced using this 
technique are of lower quality than films produced using the 
methods mentioned above (6).

The simplest methods to deposit high quality thin films 
are the VPD; of these techniques sputtering is the most 
common. There is a variety of different sputtering 
techniques such as dc-magnetron, dc-diode, dc-triode, rf- 
magnetron, rf-diode and ion beam. The dc techniques are 
only suitable if the target is made of a conducting or 
semiconducting material (6). Since lanthanum aluminate is a
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dielectric material the dc sputtering techniques were not 
considered here. Lanthanum aluminate has a high melting 
point (2110°C) which makes it difficult to use evaporation 
as a film deposition method (49). The laser ablation 
technique would be suitable for depositing lanthanum 
aluminate, but the apparatus is costly. Therefore rf- 
magnetron sputtering was chosen to deposit lanthanum 
aluminate thin films in this study.

3.1.2 DEPOSITION TECHNIQUES FOR LANTHANUM ALUMINATE THIN 
FILMS

The deposition technique of rf-magnetron sputtering has 
some inherent systematic problems such as oxygen depletion, 
and re-sputtering that affect the quality of films produced. 
These effects can be reduced by modifying some of the 
deposition parameters. Oxygen depletion in the film is a 
common problem when magnetron sputtering is the deposition 
technique. The oxygen-depleted films appear dark or as 
metallic. However, this problem can be corrected by adding 
oxygen to the sputtering gas (argon) (50) . Re-sputtering 
occurs when ions bombard the surface of the film and cause 
changes in the film stoichiometry. There are several 
deposition parameters that can be altered to minimize



T-3956 44
re-sputtering. The simplest to implement are using higher 
deposition pressures and placing the substrates in an off- 
axis orientation with respect to the plasma. Both methods 
reduce the probability of an energized ion striking the 
surface of the film (6).

3.2 DEPOSITION PROCESSES OF LANTHANUM ALUMINATE THIN FILMS

For the present work, a Varian 3118 evaporator chamber 
was converted into a single source rf-magnetron sputtering 
chamber. The chamber was connected to a diffusion pump as 
shown in Figure 3.2.1. Base pressures of 5 x 10"6 Torr 
could be achieved with this apparatus. The pumping speed 
was found to be too high when trying to deposit thin films 
at pressures greater than 10 mTorr by rf-sputtering. This 
made it difficult to stabilize the sputtering gas pressure. 
To correct this problem a steel plate was placed over the 
majority of the gate valve opening to reduce the diffusion 
pump speed. With the modified pumping configuration the 
typical base pressure was 1 x 10*4 Torr.

The planar rf-magnetron sputtering head held a 38 mm 
diameter target. The stoichiometric, hot-pressed lanthanum 
aluminate target was made from powder prepared using the 
optimal processing technique previously described in
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chapter 2. The rf-power source was an ENI Power Systems 
solid state power generator which could supply up to 700 
Watts of power at a frequency of 13.56 MHz (Figure 3.2.2). 
The rf-power supply was connected to an automatic RF Plasma 
Products automatic tuner.

The film thickness was monitored by a Sloan digital 
deposition controller with a 5 MHz quartz crystal. The 
quartz crystal was 0.5 inches in diameter and was coated 
with silver.

A i r  R e l e a s e  V a l v e

V a c u u m
C h a m b e r

R o u g h i n g  V a l v e
G a t e
V a l v e

L iq u id  
N i t r o g e n  
C o ld  T r a p Mechanical

Pump

D i f f u s i o n
Pump

F o r e l i n e  
V a l v e

Figure 3.2.1: Schematic diagram of the vacuum chamber used
to deposit lanthanum aluminate films.
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A u t o m a t i c  
T u n e r

RF P o w e r  
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T h i c k n e s s
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Figure 3.2.2: Schematic diagram showing the deposition
apparatus and the off-axis substrate holder 
configuration.

Argon was the primary sputtering gas. Oxygen was added 
to the sputtering gas mixture to preserve film stoichiometry 
(50). Two adjustable gas inlet valves were used to control 
the flow and partial pressures of argon and oxygen 
respectively. The purities of the argon and oxygen gases 
were 99.998%.

Initially a rotating substrate was used to deposit the 
lanthanum aluminate thin films in order to maximize the film



T-3956 47
uniformity. The holder could accommodate substrates up to 3 
inches in length. The rotation rate could be adjusted by 
simply varying the voltage supplied to the motor. The 
typical rotation rate was 60 rpm. The substrate holder 
orientation could be adjusted in three independent 
directions thereby allowing freedom to position the 
substrates with respect to the target.

Later the rotating substrate holder was replaced with a 
fixed, heated substrate holder. The substrates were heated 
by a small 600 Watt halogen lamp placed directly behind the 
steel plate which supported them. Acting on advice from Dr. 
A. Lee of TRW, a water cooling system was installed to 
extend the operating life of the halogen lamps. With these 
modifications, a 1 cm2 area on the substrate holder could be 
heated up to 750°C during film deposition and to more than 
800°C for post-deposition, in-situ annealing heat 
treatments. When the applied voltage to the halogen lamp 
was greater than 100 volts, the plasma would interact with 
the halogen lamp and cause it to burn out. This limited the 
maximum substrate temperature during deposition to 750°C.
The substrate deposition temperature was monitored with a 
thermocouple placed near the substrates on the steel plate. 
Silver paint was used to attach the substrates to the steal 
plate in order to insure good thermal contact.

To calibrate the substrate heater the temperature was
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measured for specific voltage settings applied to the 
halogen lamp. Temperature measurements were taken for both 
substrate heating and cooling (See Table 3.2.1). A linear 
regression of these data yields the following equation for 
substrate temperature at a given voltage:

T ± 15 = (6.88 ± 0.12)V + 78
From this linear regression the uncertainty of the
temperature measured with the thermocouple was approximately 
± 15 ° C.

The pressures were monitored using either a Bayard- 
Alpert ionization or a thermocouple pressure gauge. The 
ionization gauge was used to measure pressures up to 30 
mTorr. Pressures higher than 30 mTorr were monitored with
the thermocouple gauge. This procedure was implemented to
extend the life of the ionization gauges since factory 
specifications recommend against using them above 20 mTorr, 
except in an argon only environment. Off-axis orientation 
was used in all film depositions to minimize re-sputtering 
effects (Figure 3.2.2) (6, 50).

The plasma did not ignite at pressures lower than 20 
mTorr. To overcome this problem the gate valve was closed 
for a few seconds to ignite the plasma and then reopened.

A substrate heating regimen was suggested by TRW to 
slowly evaporate the solvents from the silver paint. The 
procedure was to slowly heat to 150°C, hold there for about
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TABLE 3.2.1 

Calibration of Substrate Heater
• Heating Cycle Cooling Cycle

Variac Reading Temperature Variac Reading Temperature 
(Volts) (°C)  (Volts) (°C)
15 140 20 210
20 190 25 250
25 235 30 295
35 325 35 335
45 400 40 370
55 470 45 400
65 530 50 440
75 595 55 475
85 650 60 505
90 685 65 535
93 700 70 565

75 600
80 630
85 660
90 690
93 705

10 minutes, increase the temperature to 600°C, and hold 
there for 1 0 - 2 0  minutes. These temperatures were 
appropriate for atmospheric conditions. At pressures in the 
mTorr range most of the solvents were observed to evaporate 
around 300 - 400°C. Therefore in this temperature range the 
temperature was increased very slowly.
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After film deposition the substrates were cooled very 

quickly to about 200°C at a cooling rate of approximately 
50°C/minute. Typically, when the chamber reached 200°C, it 
was then filled with oxygen to approximately 2000 mTorr.

3.3 LANTHANUM ALUMINATE THIN FILM CHARACTERIZATION
PROCEDURES

Initially the x-ray diffraction patterns for the 
lanthanum aluminate film samples were collected by using the 
powder diffractometer described in Section 2.3. All of the 
data was processed with the Micro-peak software program 
developed by Materials Data Inc. This program identifies 
diffraction peak locations and their relative intensities 
and also the corresponding d-spacings of the sample. The 
film samples were mounted on glass slides or with clay in 
the powder sample holders. Unfortunately, these methods for 
collecting x-ray diffraction patterns had too many 
systematic errors which sometimes resulted in the loss of 
data and time. The most significant systematic error 
occurred in mounting the sample because the slightest 
misalignment (by a half a degree or less) could result in 
the absence of very strong diffraction peaks in the XRD 
pattern.
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To minimize this type of systematic error, the XRD 

patterns were collected by using a four-circle 
diffractometer. The samples were mounted with clay onto a 
pin which was then placed into a goniometer. The sample was 
visually aligned with the pin as near as possible to a 
vertical position. Once the pin was placed into the 
goniometer, the surface of the sample was rotated until it 
was parallel with one of the axes of the goniometer. The 
goniometer was then mounted in the four-circle 
diffractometer. The surface of the film was then aligned 
using the telescope on the diffractometer.

The deposited films were too thin to observe with the 
transmission configuration. Therefore the sample was first 
aligned by maximizing a substrate peak in the transmission 
configuration. The substrate was then by rotated 85° from 
the position where the film surface was perpendicular to the 
incident x-ray beam. Then a theta-2*theta reflection scan 
was performed. This data collection method worked well for 
randomly oriented samples, but not for well-oriented 
crystalline samples. The data collection procedure was 
again modified to better align the sample before collecting 
the XRD pattern.

After aligning the sample by using the sighting 
telescope, the edge of the substrate was aligned so that it 
was essentially parallel to the incident x-ray beam. The



T-3956 52
substrate Bragg diffraction peaks were maximized by 
adjusting the orientation of the substrate. Once the 
substrate Bragg peaks were maximized, then a theta-2*theta 
scan was performed.

When analyzing a well-oriented crystalline film, the 
sample was aligned again by maximizing the intensity of the 
largest diffraction peak of the crystal. For example when a 
lanthanum aluminate crystalline film oriented in the (hOO) 
direction was analyzed, the (100) Bragg peak was maximized 
since it is expected to have the largest intensity in the 
diffraction pattern for this family of planes.

To determine the degree of orientation of crystalline 
films, rocking curve analyses were performed. The first 
step was to maximize the intensity of the Bragg diffraction 
peak of interest. Then the detector was set at 2*theta and 
the sample was rotated through theta. Typically, for the 
rocking-curve analyses, the sample was ”rocked" 2 degrees on 
each side of theta. The rocking curve measurement consists 
of a plot of diffracted beam intensity versus theta. For a 
perfect crystal the width of the peak should be on the order 
of 0.003°. For practical applications a single crystal 
typically has a peak width of 0.03 to 0.3° (51).

Molybdenum is the radiation source used in the four- 
circle powder diffractometer. Molybdenum has two similar 
characteristic wavelengths which cannot be separated by the
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monochrometer. The wavelengths are Ka1 and Ka2 and their 
respective values are 0.70930 À and 0.71359 A. The ratio of 
the relative intensities of Ka1 : Ka2 is 2:1. Therefore a 
weighted averaged value for the wavelength (0.71073 A) was 
used in calculations of d-spacings and lattice constants 
unless otherwise noted.

To calibrate the four-circle diffractometer for 
lanthanum aluminate a diffraction pattern for lanthanum 
aluminate powder was collected. The d-spacings were 
calculated using Equation 2.2 and are listed in Table 3.3.1. 
The lanthanum aluminate was ground into a fine powder, 
placed in a glass capillary and mounted into a goniometer.
By using Equation 2.5 the lattice parameter for each Bragg 
peak was calculated (Table 3.3.1) and the standard deviation 
of these values was 3.788 ± 0.009 A.

The SEM and EDS analyses were performed by Mr. J. Ahn. 
The same SEM apparatus as previously described in Section
2.3 was used. Since lanthanum aluminate is a dielectric 
material, the samples were pre-coated with a conducting 
layer of carbon to prevent localized charge build-up that 
can occur on nonconducting samples during SEM analysis (52). 
The carbon coatings were deposited onto the films by 
evaporation. All compositional films analyses were 
performed using 15 KV electrons and a magnification of 500X 
unless otherwise noted. For consistency in comparing film
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morphologies, SEM photomicrographs were taken at 
magnifications of 500X and 3000X. The EDS detection limits 
is approximately 1 atomic percent of a given element.

TABLE 3.3.1
d-Spacings and Lattice Constants for 

Lanthanum Aluminate Powder
Pseudo-
Cubic
h k l

d-Spacing
(À)

Lattice Constant 
(A)

Normalized 
Peak Height

1 0  0 3.808 3.808 49.3
1 1 0 2.680 3.790 100.0
1 1 1 2.180 3.775 45.2
2 0 0 1.892 3.784 43.2
2 1 0 1.692 3.783 23.5
2 1 1 1.544 3.782 46.4
2 2 0 1.336 3.779 21.9
3 0 0 1.265 3.796 14
3 1 0 1.198 3.790 19.9
3 1 1 1.143 3.791 13
2 2 2 1.095 3.795 7.3
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3.4.1 INITIAL LANTHANUM ALUMINATE DEPOSITION ONTO 
SUPERCONDUCTING FILMS

Initial lanthanum aluminate deposition studies 
consisted of rf-sputtering lanthanum aluminate onto 1-2-3 
superconducting films supplied by Dr. C. Platt from TRW.
The first attempt to deposit lanthanum aluminate was onto an 
EBCO superconducting film. The deposition parameters are 
listed in Table 3.4.1. SEM micrographs showed that the as- 
deposited film was smooth and continuous with small 
rectangular and square particles on the surface (see Figure 
3.4.1). From the micrograph the sizes of the particles were 
estimated to be about 0.5 to 2.5 microns. The EDS 
compositional analysis results are listed in Table 3.4.2.
All areas of the film were analyzed at 10 KV and the overall 
film composition was analyzed at 300 magnification, while 
the continuous film and particles were analyzed at 
magnifications of 12000 and 5000 respectively. The 
particles had higher impurity concentrations of chlorine and 
potassium than did the continuous film. The source of the 
chlorine contamination was the rf-sputtering target; 
however, the source of the potassium contamination remains 
unknown. The potassium contamination was never observed in
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TABLE 3.4.1
Initial Deposition Parameters onto EBCO Film

RF-Sputtering Parameters
. Target LaAlOj
Orientation Off-Axis
Rotating Substrate Holder
Substrate Temperature Ambient
Substrate Height -

Substrate Distance -

RF-Power 100 w
Base Pressure 7.6 x 10*
Average Argon Pressure 10.5 mTorr
Average Oxygen Pressure 9.5 mTorr
Average Total Sputtering
Gas Pressure 20.0 mTorr
Argon : Oxygen 1.1 : 1.0
Deposition Time 3 Hours

TABLE 3.4.2
EDS Compositional Analyses Results 
For LaAlOg Deposited onto EBCO Film

Element
Overall Continuous Film

(Atomic Percent) (Atomic Percent)
Particle 

(Atomic Percent)
La
A1
Cl
K

38.89 ± 1.0 
50.08 ± 1.0 
7.48 ± 1.0 
3.55 ± 1.0

40.51 ± 1.0 
50.92 ± 1.0 
5.51 ± 1.0 
3.06 ± 1.0

27.67 ± 1.0 
34.26 ± 1.0 
19.25 ± 1.0 
18.82 ± 1.0
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Figure 3.4.1: SEM micrograph showing the smooth continuous
dielectric film deposited onto an EBCO film. 
The square and rectangular particles on the 
surface are rich in chlorine and potassium 
impurities.

later lanthanum aluminate depositions.
The lanthanum aluminate and EBCO film sample was 

mounted onto a glass slide for x-ray diffraction analysis.
A Rigaku Rotaflex powder diffractometer was used to record 
the diffraction pattern for this sample (Figure 3.4.2). The 
incident x-ray beam covered approximately a 2 cm2 area which 
was larger than the sample. Therefore, the amorphous 
background shape observed in the diffraction pattern can be 
attributed to the glass slide. The d-spacings for the Bragg 
peaks are listed in Table 3.3. In the diffraction pattern
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the Bragg diffraction peaks at 2*theta equal to 23.46° and 
75.02° correspond to the (100) and (300) lanthanum aluminate 
respectively. We are unable to explain the absence of the 
(200) Bragg peak from the XRD pattern. We experienced 
difficulty of precisely identifying the remaining Bragg 
peaks in the diffraction pattern as being due to the EBCO 
film or the substrate material. The problem in identifying 
is most likely caused by misalignment of the sample with 
respect to the incident x-ray beam.
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Figure 3.4.2:
2*Theta (Degrees)

XRD pattern for dielectric film deposited 
onto an EBCO film. The amorphous shape of 
the pattern was attributed to the glass slide 
holding the sample.
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TABLE 3.4.3
d-Spacings For LaAlO^ Deposited onto EBCO Film

2*9(Degrees)
d-Spacing

(A)
Relative 

Peak Height
12.86 6.878 54.4
20.78 4.271 66.2
23.02 3.860 92.5
23.46 3.789 82.2
28.48 3.131 100.0
31.48 2.840 78.6
42.10 2.145 69.4
51.34 1.778 49.8
58.78 1.570 45.2
75.02 1.265 34.9

The second film deposition of lanthanum aluminate onto 
a YBCO film was performed according to the sputtering 
parameters listed in Table 3.4.4. The SEM micrograph in 
Figure 3.4.3 shows the film as continuous with large cracks 
ranging from about 0.3 to 12 microns in length. Again, 
there are large particles on the surface of the film. 
However, these particles do not have a specific shape as 
previously observed. The film was analyzed at 10 KV and the 
compositional analyses were performed at magnifications of 
300, 5000, and 7000 for overall, particle, and continuous 
film areas respectively. The EDS compositional analyses are 
listed in Table 3.4.5.
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TABLE 3.4.4
Initial Deposition Parameters onto YBCO Film
RF-Sputtering Parameters
Target LaA103
Orientation Off-Axis
Rotating Substrate Holder
Substrate Temperature Ambient
Substrate Height -

Substrate Distance -

RF-Power 100 W
Base Pressure 8 x 10"6
Average Argon Pressure 14.5 mTorr
Average Oxygen Pressure 10.0 mTorr
Average Total Sputtering
Gas Pressure 2 4.5 mTorr
Argon : Oxygen 1.45 : 1.0
Deposition Time 3 Hours

W Ê

Figure 3.4.3: SEM micrograph showing the morphology of the
dielectric film deposited onto a YBCO film. 
The film is continuous with large cracks.
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TABLE 3.4.5
EDS Compositional Analyses Results 
For LaA103 Deposited onto YBCO Film

Overall Continuous Film Particle
Element (Atomic Percent) (Atomic Percent) (Atomic Percent)

La 27.80 ± 1.0 28 . 65 ± 1.0 25.63 ± 1.0
A1 43.11 ± 1.0 43.92 ± 1.0 38.43 ± 1.0
Y 9.60 ± 1.0 9.48 ± 1.0 0.0
Ba 18.05 ± 1.0 16.43 ± 1.0 0.0
Cl 1.44 ± 1.0 1.52 ± 1.0 1.77 ± 1.0
Zr 0 . 0 0.0 34.18 ± 1.0

For XRD analysis the film sample was again mounted on a 
glass slide and the powder diffractometer was used to record 
the diffraction pattern (Figure 3.4.4). The Bragg 
diffraction peaks are labeled and identified in Table 3.4.6. 
The underlying YBCO film in this case was deposited onto a 
lanthanum aluminate crystalline substrate. The lanthanum 
aluminate peaks observed in the diffraction pattern are most 
likely from the substrate since their relative peak heights 
are large. However, it is difficult to draw any conclusions 
about the lanthanum aluminate film except that it is not 
randomly oriented. The deposited film can either be 
amorphous or oriented crystal.
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Figure 3.4.4: XRD pattern for the dielectric film deposited 
onto a YBCO film.

TABLE 3.4.6
d-Spacings For LaA103 Deposited onto YBCO Film

2*9
(Degrees)

d-Spacing
(À)

Relative 
Peak Height

LaAlOj
hkl

YBCO
hkl

15.14 5.848 7.9 002
22.78 3 . 900 19.9 003
23.46 3 . 789 100.0 100
26.44 3 .368 3.2
30.54 2.925 2.6 004
38.42 2 . 341 18.1 005
46.52 1.951 22.3 006
47.94 1.896 23.4 200
48 . 08 1.891 12 . 3
54 . 88 1.672 2 . 6 007
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3.4.2 RADIAL COMPOSITION STUDY OF LANTHANUM ALUMINATE FILMS

Recent studies have shown that the substrate-target 
distance parameter affects the composition and phase of rf- 
sputtered YBCO films (7,53). Based on these observations we 
performed a study to determine if the composition of rf- 
sputtered lanthanum aluminate films varied with substrate 
positioning. YBCO superconducting film samples on lanthanum 
aluminate or strontium titanate substrates were placed at 
different radial distances on the rotating substrate holder, 
which was located approximately 4 cm from the target center. 
(Table 3.4.7). The YBCO films were visually inspected for 
noticeable differences before deposition of the lanthanum 
aluminate overlayers. Both YBCO film samples deposited onto 
LaA103 substrates were very smooth except for polishing 
lines on the substrates. The YBCO film deposited onto 
SrTi03 substrate was basically smooth except for some rough 
sections in the film. The deposition parameters for the 
lanthanum aluminate overlayers are described in Table 3.4.8. 
After deposition the films were again visually inspected.
The sample placed in the center of the substrate holder was 
uniformly blue-green in color, while the samples placed 1.0 
and 1.3 cm from the center varied in color. This result 
indicates that uniform deposition occurred for the sample in 
the center and that, for the other samples, the film
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TABLE 3.4.7
Radial Placement of YBCO Film Samples

Sample Id Position on Substrate Holder 
(Distance from Center of Holder in cm)

S062189B LaAlOj-l 0
S062189A LaA103-l 1.0
S062189B SrTiO, 1.3

TABLE 3.4.8
Deposition Parameters for Radial Composition Study

RF-Sputtering Parameters
Target
Off-Axis Orientation 
Rotating Substrate Holder

LaA103

Substrate Temperature 115 ° C
Substrate Height -

Substrate Distance -

RF-Power 100 w
Base Pressure 8.4 x 10 '6
Average Argon Pressure 13.5 mTorr
Average Oxygen Pressure 
Average Total Sputtering

9.0 mTorr
Gas Pressure 22.5 mTorr
Argon : Oxygen 1.5 : 1.0
Deposition Time 3 Hours
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deposition was not uniform and the film thickness varied.

SEM and EDS analyses were performed on both the as- 
deposited and the masked portion (YBCO film) of the film.
The SEM micrographs show the as-deposited films partially 
filling gaps present in the microstructure of the YBCO films 
(Figure 3.4.5). The EDS compositional analyses for the as- 
deposited films are listed in Table 3.4.9. There are slight 
differences in the compositional make-up of these films; 
however, no specific correlation between radial distance and 
film composition was observed. It is worth noting that a 
small amount of yttrium was detected in the film placed 
farthest from the center of the substrate holder. This 
suggests that this deposited film may be slightly thinner 
than the other films closer to the center of the holder.

The XRD pattern for a sample placed in the center of 
the substrate holder showed it to be amorphous (Figure 
3.4.6) . The absence of any YBCO or LaA103 diffraction peaks 
may have been caused by sample misalignment previously 
described in Section 3.3. The XRD pattern (Figure 3.4.7) 
for a sample mounted 1 cm from the center had a lanthanum 
aluminate peak at 23.40°, but the other diffraction peaks 
did not match any
of the powder diffraction peaks documented for YBCO, 
lanthanum aluminate or silver. (See d-spacings listed in 
Table 3.4.10.) Similarly, the XRD pattern (Figure 3.4.8)
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for the sample mounted 1.3 cm from the center had a 
diffraction peak at 23.45°, but no other identifiable peaks. 
(See d-spacings listed in Table 3.4.11.) These anomalies 
again can be attributed to systematic errors in aligning the 
film samples.

TABLE 3.4.9
Composition of As-Deposited Films For 

Radial Study
Sample Id Element Overall Film Particle

(Atomic Percent) (Atomic Percent)
S062189 B
LaAlOj—1

La 40 ± 1 38 + 1
A1 49 ± 1 39 ± 1
Cl 11 + 1 10 + 1
Si 0 11 + 1
S 0 2 ± 1

S062189 A
LaAlOj—1

La 41 + 1 38 ± 1
A1 48 + 1 50 ± 1
Cl 10 ± 1 11 ± 1

S062189 B
SrTiOg

La 38 ± 1 39 ± 1
A1 50 ± 1 50 ± 1
Cl 11 ± 1 11 ± 1
Y 2 ± 1 1 ± 1



Figure 3.4.5: The top micrograph shows the morphology of
the YBCO superconducting film. The bottom 
micrograph shows the morphology of the 
dielectric film deposited onto the YBCO film. 
The radial distance for this sample was 1 cm.
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The XRD pattern for the dielectric film 
deposited onto a YBCO film centered on the 
rotating substrate holder.
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Figure 3.4.7: XRD pattern for the dielectric film deposited

onto the YBCO film placed 1 cm radially from 
the center of the substrate holder.
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TABLE 3.4.10
XRD d-Spacings for Sample Placed 1 cm From 

Center of Substrate Holder 
_____________ (S062189 A LaAlO-s)_____________

2 x-6 d-Spacing
(A)

Relative 
Peak Height

15.80 5.605 51.3
23.40 3.798 94.4
24.05 3.698 100.0
26.90 3.312 34.4
39.04 2.305 33.9
46.95 1.934 25.7

2*Theta (Degrees)
Figure 3.4.8: XRD pattern for the dielectric film

deposited onto the YBCO film placed 1.3 
cm radially from the center of the 
substrate holder.
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TABLE 3.4.11
XRD d-Spacings for Sample Placed 1.3 cm 

From Center of Substrate Holder 
____________ (S062189 SrTiO,)_____________

2 * 9 d-Spacing
(A)

Relative 
Peak Heighi

15.85 5.589 46.9
23.45 3.791 89.4
26.81 3.323 50.4
38.90 2.313 40.0
47.27 1.921 100.0

3.4.3 EFFECTS OF SPUTTERING GAS PRESSURE IN LANTHANUM 
ALUMINATE DEPOSITION

The effects of sputtering gas total pressure and the 
partial pressures of argon and oxygen on film quality 
deposited onto sapphire [1102], silicon (110), and glass 
were investigated. The sputtering gas pressures used for 
this study were approximately 6, 9, and 12 mTorr and the 
partial pressure of argon to oxygen ratios were 2:1 and 3:1. 
The remaining deposition parameters are listed in Table
3.4.12.

The EDS compositional results are listed in Table
3.4.13. The compositional analysis of the lanthanum 
aluminate target gave the following element atomic 
percentages: 33.09 La, 47.51 Al, 18.35 Cl, and 1.06 K.
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TABLE 3.4.12
Deposition Parameters for Gas Pressure Study

RF-Sputtering
Parameters LAO-1 LAO-2

Samples
LAO-3 LAO-5 LAO—6 LAO-7

Target LAO LAO LAO LAO LAO LAO
Orientation off- off- off- off- off- off-
Rotating Substrate 
Holder
Substrate Height

axis axis axis axis axis axis

(cm)
RF-Power

2 2 2 2 2 2
(Watts)
Base Pressure

100 100 100 100 100 100
(xlO "4 Torr) 
Sputtering Gas

3.0 1.6 0.28 1.6 1.6 1.9
Pressure (mTorr) 
Argon Pressure

5.7 10.0 9.0 6.0 9.1 12.0
(mTorr)
Oxygen Pressure

3.9 7.9 6.0 4.5 6.8 9.0
(mTorr) 1.8 2.4 3.0 1.5 2.3 3.0
Ar / 02
Deposition Time

2.2 3.3 2.0 3.0 3.0 3.0
(Hours) 2 2 0.42 2 2 2
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TABLE 3.4.13
EDS Compositional Results for Lanthanum Aluminate 

Films Deposited onto Sapphire and Silicon 
At Different Sputtering Pressures

Substrate Sample Id.
Atomic Percent 

La Al
(± 1 %) 
Cl La/Al

Sapphire LAO-1 14.41 84.19 1.41
LAO-2 17.17 81.37 1.46 -

LAO-3 2.70 97.04 0.27 -

LAO-5 17.34 81.15 1.50 -

LAO—6 20.40 78.16 1.43 -

LAO-7 18.46 80.12 1.42 —

Silicon LAO-1 8.23 9.44 0.61 0.872
LAO-2 10.82 13.85 1.16 0.781
LAO-3 1.32 2.24 0.12 0.589
LAO-5 10.05 11.91 - 0.8438
LAO-6 13.83 15.48 1.02 0.893
LAO-7 12.60 14.77 0.96 0.85

The ratio of lanthanum to aluminum for the target was 
computed to be 0.6965. The films deposited onto silicon 
differ in composition from the target stoichiometry. The 
film compositions are closer to the desired film 
stoichiometry, since the ratio of lanthanum to aluminum is 
closer to 1:1 (Table 3.4.13). The EDS analysis samples the 
substrate as well as the film making it difficult to draw 
significant conclusions about the composition of the films 
deposited onto sapphire. Lanthanum aluminate has a slightly 
greater deposition rate onto sapphire than silicon, since
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more lanthanum is detected on sapphire than silicon. All 
the films deposited onto sapphire and silicon have lower or 
even unmeasurable concentrations of chlorine and potassium 
as compared to the target. The total sputtering pressures 
and argon and oxygen partial pressures did not greatly 
affect the stoichiometry of the films.

However, slightly higher deposition rates were observed 
with an argon to oxygen ratio of 3:1. The morphology of the 
films did not vary greatly with the pressure changes. The 
films were smooth and continuous with some pinholes (Figures 
3.4.9 - 3.4.11).

The XRD patterns show that the deposited films on both 
sapphire and silicon substrates are amorphous. Since our 
research mainly concentrated on the deposition of LaA103 
onto sapphire substrates, only the XRD patterns for 
lanthanum aluminate films deposited onto sapphire are 
presented (Figures 3.4.12 -3.4.14). Table 3.4.14 summarizes 
the XRD analysis of the diffraction patterns. No lanthanum 
aluminate diffraction peaks were observed in the diffraction 
patterns. Samples LAO-1 through LAO-3 were analyzed with 
the powder diffractometer and the most of the diffraction 
peaks observed are from the sapphire substrate. Samples 
LAO-5 through LAO-7 were analyzed with the four-circle 
diffractometer. The films were aligned perpendicular with 
respect to the incident x-ray beam and then rotated by 85°
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Figure 3.4.9: Top micrograph shows the morphology of a
dielectric film deposited onto sapphire 
at 9.0 mTorr with argon to oxygen ratio 
of 2.0:1.0. The bottom micrograph shows 
the morphology of the dielectric film 
deposited onto sapphire at 6 mTorr with 
argon to oxygen ratio of 3.0:1.0.
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Figure 3.4.10: Top micrograph shows the morphology of a
dielectric film deposited onto sapphire 
at 9.1 mTorr with argon to oxygen ratio 
of 3.0:1.0. The bottom micrograph shows 
the morphology of the dielectric film 
deposited onto sapphire at 12 mTorr with 
argon to oxygen ratio of 3.0:1.0.
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Figure 3.4.11: Top micrograph shows the morphology of a
dielectric film deposited onto silicon 
at 9.0 mTorr with argon to oxygen ratio 
of 2.0:1.0. The bottom micrograph shows 
the morphology of the dielectric film 
deposited onto silicon at 6 mTorr with 
argon to oxygen ratio of 3.0:1.0.
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for a theta-2*theta scan. The Bragg diffraction peaks in 
the scan are difficult to identify since the substrate and 
films were not aligned parallel with the incident beam. For 
similar reasons as stated in earlier sections we can 
conclude that the as-deposited films are not 
polycrystalline. The diffraction peaks located at 
approximately 5° are attributed to the clay used to mount 
the samples onto the goniometer since the d-spacing is so 
large. The other Bragg diffractions in the diffraction 
patterns are probably from the substrate even though their 
d-spacings do not match the reported d-spacings for 
sapphire. The incorrect positions of the Bragg peaks are 
due to the misalignment of the substrate. The alignment 
procedure was later modified to correct this problem by 
aligning both the substrate and film parallel with the 
incident x-ray beam.
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Figure 3.4.12: Top XRD pattern for the dielectric film

deposited onto sapphire at 3.7 mTorr 
with argon to oxygen ratio of 2.2:1.0. 
The bottom XRD pattern for the 
dielectric film deposited onto sapphire 
at 10 mTorr with argon to oxygen ratio 
of 3.3:1.0.
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Figure 3.4.13: The top XRD pattern for the dielectric

film deposited onto sapphire at 9.0 
mTorr with argon to oxygen ratio of 
2.0:1.0. The bottom XRD pattern for the 
dielectric film deposited onto sapphire 
at 6 mTorr with argon to oxygen ratio 
of 3.3:1.0.
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Figure 3.4.14: The top XRD pattern for the dielectric

film deposited onto sapphire at 9.1 
mTorr with argon to oxygen ratio of 
2.0:1.0. The bottom XRD pattern for the 
dielectric film deposited onto sapphire 
at 12 mTorr with argon to oxygen ratio 
of 3.0:1.0.



T-3956 81

Table 3.4.14
XRD Analysis Results for Dielectric Films 
Deposited onto Sapphire With Different 

Sputtering Gas Pressures
Sample 2* 0 d-spacing Normalized Diffraction Peak
ID (Degrees) (À) Peak Height Identification
LAO-1 25.67 3.468 100.0 102 Sapphire

26.50 3 . 361 25.2 Not A1203, 
La203,LaA103/ 
and Ag.

52.61 1.738 25.6 204 Sapphire
LAO-2 25.83 3.450 77.0 102 Sapphire

52.80 1.730 100.0 204 Sapphire
LAO-3 53.00 1.727 100.0 102 Sapphire
LAO-5 5.52 7.38 93.0 Clay

11.21 3.64 100.0
LAO-6 5.52 7.38 100.0 Clay

11.29 3.61 66.1
38.45 1.08 57.6

LAO-7 5.50 7.41 100.0 Clay
11.38 3.58 43.3
12.93 3.16 30.0
26.78 1.53 41.8

3.4.4 POST-ANNEALING EFFECTS ON LANTHANUM ALUMINATE FILMS

A post-annealing study was performed on as-deposited 
films on sapphire and silicon substrates. The qualities of 
the as-deposited and post-annealed films were compared. 
Table 3.4.15 lists the deposition parameters used in this 
study. An SEM micrograph of an as-deposited film on 
sapphire shows a rough granular microstructure and on 
silicon a smooth microstructure (Figure 3.4.15). The EDS 
compositional analysis for these as-deposited films results
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TABLE 3.4.15
Deposition Parameters For Post-Annealing Study 

of Lanthanum Aluminate Films on Sapphire 
and Silicon Substrates

Deposition Parameters
Target LaA103
Orientation Off-Axis
Heated Stationary
Substrate Holder
RF-Power 150 W
Substrate Height 2 cm
Substrate Distance 4 cm
Substrate Temperature 650 ° C
Base Pressure 9 x 10" Torr
Average Total Sputtering
Gas Pressure 9.0 mTorr
Average Argon Pressure 6.8 mTorr
Average Oxygen Pressure 2.2 mTorr
Deposition Time 4 Hours
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5064 15KV
Figure 3.4.15: Top micrograph shows the morphology of

the amorphous, granular LaA103 film 
deposited onto sapphire. Bottom 
micrograph shows the morphology of the 
amorphous, smooth LaA103 film deposited 
onto silicon.
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are listed in Table 3.4.16. The stoichiometries of these 
films are close to the expected 1:1 ratio for lanthanum to 
aluminum. It is also interesting to note that both films 
have approximately the same stoichiometries. This 
observation will be discussed in more detail in Section 
3.4.6. X-ray diffraction patterns for the as-deposited 
films indicate that the films are amorphous (Figure 3.4.16).

The samples were post-annealed in the furnace with the 
heat treatment listed in Table 3.4.17. The samples were 
placed into an alumina crucible and heated in air. After 
annealing both films were cloudy and did not reflect light 
as well as before. SEM micrographs for films on sapphire 
and silicon substrates show large cracks and peeling away 
from the substrate (Figure 3.4.17). The cracks are most 
likely caused by the large mismatch in coefficients of 
thermal expansion (GTE) of the film and substrate (See Table 
1.2.4). The percent difference of GTE between lanthanum 
aluminate and sapphire, or silicon are 12 and 78 
respectively. The GTE for sapphire used in these 
calculations is the average GTE and not the actual GTE along 
the [1102] direction. EDS compositional analysis shows that 
the film compositions remain the same as for the as- 
deposited film (Table 3.4.18).
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The x-ray diffraction patterns for the samples contain 

lanthanum aluminate Bragg diffraction peaks as shown in

TABLE 3.4.16
Compositional Analysis of As-deposited Films 

onto Sapphire and Silicon Substrates
Substrate Element Atomic Percent
Sapphire La 45.25 ± 1.0

A1 54.75 ± 1.0
Silicon La 44.77 ± 1.0

A1 52.70 ± 1.0
Si 2.53 ± 1.0
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Figure 3.4.16: The top XRD pattern for as-deposited

amorphous LaA103 film on sapphire.
The bottom XRD pattern for as-deposited 
amorphous LaA103 film on silicon.
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Figure 3.4.17: Top micrograph shows the morphology of
the cracked post-annealed LaA103 film on 
sapphire. Bottom micrograph shows 
the morphology of the cracked post
annealed LaA103 film on silicon.
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TABLE 3.4.17
Post-Annealing Conditions for Lanthanum 
Aluminate Deposited onto Sapphire 

and Silicon Substrates

Heating Rate 10°C/Min.
Annealing Temperature 850 ° C
Annealing Time 1 Hour
Cooling Rate 10° C/Min.
Heating Environment Air

TABLE 3.4.18

Compositional Analysis of Post-Annealed 
Lanthanum Aluminate Films Deposited 

onto Sapphire and Silicon

Substrate Element Atomic Percent
Sapphire La 45.16 ± 1.0

A1 54.62 ± 1.0
Cl 0.22 ± 1.0

Silicon La 40.59 ± 1.0
A1 46.99 ± 1.0
Si 12.43 ± 1.0



Figure 3.4.18. The lanthanum aluminate film on silicon has 
the (100), (110), (111), (200), (210), and (211) diffraction 
peaks. The film on sapphire is missing (100) and (110) 
lanthanum aluminate diffraction peaks, but contains (111), 
(200), (210), (220) peaks. There may have been an problem
with the alignment of the sample and incident x-ray beam 
which could account for the missing Bragg diffraction peaks. 
Also there are some diffraction peaks that are not 
associated with lanthanum aluminate. The diffraction peak 
at 17.18° is (111) silver from the silver paste used to 
mount the substrates. The peak located at 5.46° has been 
observed in other diffraction patterns and is most likely 
from the clay used to mount the sample onto the pin, because 
of the large d-spacing value. The diffraction peaks at 
9.12° and 11.28° are not sapphire, lanthanum chloride or 
aluminum chloride and remain unidentified.

Since both diffraction patterns contain all or most of 
the diffraction peaks listed in the powder diffraction 
tables for lanthanum aluminate, the films are randomly 
oriented. The absence of a well defined peak in the rocking 
curve analyses of these films confirmed that the films were 
randomly oriented (Figure 3.4.19). The d-spacings for the 
diffraction peaks are listed in Table 3.4.19. The d- 
spacings were calculated using Equation 2.2 as previously 
described in Section 2.4. The relative peak heights for the
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Figure 3.4.18: The top XRD pattern showing the post
annealed LaA103 film on sapphire is 
randomly oriented. The bottom XRD 
pattern showing the post-annealed LaA103 
film on silicon is randomly oriented.



T-3956 90
LaA103 on sapphire were difficult to compare with that of 
the LaAl03 powder reported in Table 3.3.1 since the first 
three diffraction peaks are missing in the pattern. The 
normalized peak heights for LaA103 on silicon did not match 
those measured for LaA103 powder (Table 3.3.1). The average 
pseudo-cubic lattice parameters calculated from the 
diffraction patterns are 3.774 ± 0.016 Â and 3.766 ± 0.011 À 
for sapphire and silicon substrates, respectively. Compared 
to the lattice constant for lanthanum aluminate powder 
(3.788 ± 0.009 À) the lattice constant for the film on 
sapphire was within the experimental uncertainty. The 
lattice constant for the film on silicon was essentially the 
same the powder lattice constant.

Another post-annealing study was performed to determine 
the minimum post-annealing temperature required to 
crystallize the lanthanum aluminate films. Lanthanum 
aluminate was deposited onto sapphire and silicon with the 
depositions condition listed in Table 3.4.20. The thickness 
of these films measured with the quartz-crystal oscillator 
was approximately 3500 Â. The diffraction patterns for the 
as deposited films are amorphous (Figure 3.4.20). The Bragg 
diffraction peaks observed in the diffraction pattern for 
the as-deposited film on sapphire are identified as sapphire 
(102) and (204) peaks. The films were post-annealed for one 
hour in air beginning at 500 ° C and increasing by steps of
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Figure 3.4.19: The top rocking curve for post-annealed

LaAlOg film on sapphire confirmed that 
the film was randomly oriented. The 
bottom rocking curve for post-annealed 
LaAlOg film on silicon confirmed that 
the film was randomly oriented.
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TABLE 3.4.19
Calculated d-Spacings for Post-Annealed 

Lanthanum Aluminate Films
Substrate 2*9 d-Spacing Normalized LaAl03

(À) Peak Height hkl

Sapphire

Silicon

5.46 7.46 100.0
9.12 4.47 33.9
11.28 3.616 96.6
17.18 2.379 32.9
18.92 2.162 39.7
21.60 1.896 78.3 200
24.32 1.687 40.7 210
26.62 1.544 57.2 211
30.84 1.336 27.9 220
34.50 1.198 27.9 300
10.88 3.748 37.4 100
15.34 2.663 100.0 110
18.82 2.174 44.0 111
21.72 1.886 30.8 200
24.42 1.680 15.4 210
26.60 1.545 30.0 211
30.90 1.334 18.7 220
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Table 3.4.20
Deposition Parameters for Minimum Crystallization 

Temperature for Post-Annealed Lanthanum 
Aluminate Films

RF-Sputtering Parameters
Target LaAlOg
Orientation Off-Axis
Stationary Heated
Substrate Holder
Substrate Height 1.5 cm
Substrate Distance 4.5 cm
Substrate Temperature 750 ° C
RF-Power 75 W
Base Pressure 1.6 x 10"4 Torr
Argon Pressure 12 mTorr
Oxygen Pressure 4.1 mTorr
Total Sputtering Gas
Pressure 16 ± 2 mTorr
Deposition Time 2 Hours
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Figure 3.4.20: The top XRD pattern for amorphous LaAl03

film deposited onto sapphire. The 
bottom XRD pattern for amorphous LaA103 
film deposited onto silicon.



The films were post-annealed for one hour in air beginning 
at 500 ° C and increasing by steps of 50°C to a maximum 
temperature of 9006C. A typical heating cycle is listed in 
Table 3.4.21. After each heat treatment the films were 
characterized with XRD. The films annealed at 800eC and 
below were amorphous. However the XRD patterns for films 
annealed at 850eC have (100), (110), (111), and (200)
lanthanum aluminate diffraction peaks (Figure 3.4.21). The 
rest of the lanthanum aluminate powder diffraction peaks 
cannot be distinguished from background in these diffraction 
patterns. The d-spacings and relative intensities are 
listed in Table 3.4.22. The relative peak heights on the 
post-annealed LaA103 film on sapphire match fairly well with 
the measured relative peak heights for the LaA103 powder 
(Table 3.3.1). The largest deviation observed was the 
relative intensity for the (100) peak which was 62.8 instead 
of 49.3. The relative peak heights for the post-annealed 
LaA103 film on silicon also matched closely with the 
measured intensities for LaA103 powder. Again, the largest 
deviation for relative peak height was seen in the (100) 
peak. The relative peak height was 74.0. EDS compositional 
measurements were performed on the samples after they were 
annealed at 850eC, since earlier post-annealing study showed 
that the film compositions do not vary significantly using 
these post-annealing conditions.
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TABLE 3.4.21
Heating Conditions for Minimum Crystallization 

Temperature Study
Heating Rate 
Cooling Rate
Annealing Time at Maximum 
Temperature
Air Annealing Environment

TABLE 3.4.22
Summary of XRD Analysis For Post-Annealed LaA103 

Films on Sapphire and Silicon Substrates
Substrate 2 * 0(Degrees)

d-Spacing
(A)

Normalized 
Peak Height

Bragg Peak 
Identification

Sapphire 5.1 8.0 Clay
10.69 3.815 62.8 (100) LaAlOj
15.17 2.692 100.0 (110) LaA103
18.53 2.207 47.3 (111) LaA103
21.83 1.877 37.6 (200) LaA103

Silicon 10.74 3.797 74.0 (100) LaA103
15.28 2.673 100.0 (110) LaA103
18.62 2.197 48.1 (111) LaA103
21.58 1.898 48.4 (200) LaA103

10°C/Min. 
10°C/Min.
1 Hour
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Figure 3.4.21: The top XRD pattern for post-annealed

(850°C) LaA103 film on sapphire. The 
bottom XRD pattern for post-annealed 
(850°C) LaA103 film on silicon.
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The EDS compositional results are listed in Table

3.4.23. SEM analysis shows the films are rough and cracked. 
However, the cracking does not appear to be as severe as 
seen in the previous study. This is most likely due to the 
thinner thickness of the films (Figure 3.4.22).

TABLE 3.4.23
Compositional Results for Minimum Crystallization

Temperature Study
Atomic Percent 

Substrate Element Overall Film Particle
Sapphire La 19.18 ± 1.0 25.96 ± 1.0

A1 80.82 ± 1.0 74.04 ± 1.0
Silicon La 18.85 ± 1.0 31.41 ± 1.0

A1 19.59 ± 1.0 41.93 ± 1.0
Si 61.56 ± 1.0 23.71 ± 1.0
Ag 0.0 2.94 ± 1.0
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Figure 3.4.22: Top micrograph shows the morphology of
LaA103 film on sapphire post-annealed at 
8500C. The bottom micrograph shows the 
morphology of the LaA103 film on silicon 
post-annealed at 850°C.
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3.4.5 METALLIC BUFFER LAYERS

One of the most critical parameters in growing 
epitaxial films is that the substrate lattice parameter 
should match very closely with that of the epitaxial film. 
Several studies have reported the deposition of 
superconducting films onto metallic buffer layers on 
sapphire and silicon substrates (24,54,55). The deposition 
of metallic buffer layers is simpler than ceramic oxide 
layers since oxygen depletion in the buffer layer is not a 
problem. Copper and silver lattice constants match closely 
with the pseudo-cubic lattice constant of lanthanum 
aluminate. The lattice parameters are listed in Table
3.4.24. Copper and silver can easily be deposited onto 
sapphire and silicon by using evaporation. For these 
reasons a study investigating the quality of lanthanum 
aluminate films deposited onto copper and silver buffer 
layers on sapphire and silicon substrates was initiated.

Initially, copper was deposited onto silicon and 
sapphire substrates by rf-sputtering. (See Table 3.4.25 for 
sputtering parameters used to deposited the copper films.) 
Visual inspection of the copper films showed the surfaces to 
be rough. The copper film had an unknown thickness, but is 
assumed to be thick since the films were not transparent and 
copper has a much greater deposition rate than ceramic
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TABLE 3.4.24
Comparison of Metallic Lattice Constants 

With Lanthanum Aluminate, Sapphire 
and Silicon

Material Lattice Constant (À) Reference
LaAlO^ 3.778 (11)Sapphire [1102] 3.479 (9)
Silicon (110) 3.840 (16)
Ag 4.086 (16)
Cu 3.6153 (16)

TABLE 3.4.25

Deposition Parameters for RF-Sputtering 
Copper Buffer Layer onto Sapphire 

and Silicon Substrates
RF-Sputtering Parameters
Target LaAlOj
Orientation Off-Axis
Stationary Heated
Substrate Holder
Substrate Height 2 cm
RF Power 50 W
Base Pressure 1.5 x 10*4 Torr
Argon Pressure 10 mTorr
Oxygen Pressure 0 mTorr
Total Sputtering
Gas Pressure 10 mTorr
Deposition Time 15 Minutes
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oxides.

Lanthanum aluminate was then deposited onto the films 
(Table 3.4.26). After lanthanum aluminate deposition the 
copper began to peel away from the substrates indicating a 
film adhesion problem. The copper films also were black in 
color indicating that they were oxidized during the 
deposition of the lanthanum aluminate. The adhesion problem 
of LaAl03 / Cu film on sapphire was so severe that the 
sample could not be characterized using XRD, SEM, and EDS. 
LaAlOj / Cu on silicon did have a white colored area on the 
film. This area was analyzed and the diffraction pattern 
did have lanthanum aluminate diffraction peaks (Figure 
3.4.23). These peaks suggests that the lanthanum aluminate 
film is randomly oriented and polycrystal1ine. The d- 
spacings and relative peak heights are listed Table 3.4.27. 
Again the relative peak heights differ slightly from those 
measured for the LaAl03 powder. The relative peak height 
for (100) peak was less than the (111) peak. The rest of 
the relative peak heights are slightly lower than the powder 
peak heights. The d-spacings not associated with lanthanum 
aluminate were compared with the d-spacings for CuO, Cu20,
Si, Si02, Ag, A1203, and La203. After the d-spacing 
comparisons, the Bragg diffraction peaks located at 15.18° 
and 28.95° remain unidentified. Both the copper and 
lanthanum aluminate films on silicon had granular
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TABLE 3.4.26 
Deposition Parameters for Depositing Lanthanum

Aluminate onto Copper Buffer Layers
RF-Sputtering Parameters
Target LaA103
Orientation Off-Axis
Stationary Heated
Substrate Holder
Substrate Height 2 cm
Substrate Distance 4 cm
RF Power 150 W
Base Pressure 1.1 x 10"4 Torr
Argon Pressure 8 mTorr
Oxygen Pressure 3 mTorr
Total Sputtering
Gas Pressure 11 mTorr
Deposition Time 5 Hours

TABLE 3.4.27
XRD Analysis Summary for LaA103 deposited onto 

a Thick Copper buffer Layer on Silicon
2* 6  

(Degrees)
d-Spacing

(A)
Normalized 
Peak Height

Bragg Peak 
Identification

10.62 3.840 40.7 (100) LaAlO,
13.02 3.134 22.0 (111) Si
15.18 2.690 100.0 (110) LaA103
16.03 2.649 15.3 -
17.70 2.310 15.3 (Ill) & (200) CuO
18.74 2.183 44.1 (111) LaAlOi
20.34 2.013 15.3 (111) Cu
21.62 1.895 33.9 (200) LaAl03
24.27 1.690 16.9 (210) LaA103
26.55 1.548 42.4 (211) LaA103
28.95 1.422 42.4 -
30.97 1.331 28.8 (220) LaA103



T-3956 104

01
■M
•H

ë
&(0
u

4-1•H
s<

Figure 3.4.23: XRD pattern for LaA103 film deposited
onto a copper buffer layer on silicon.

microstructures (Figure 3.4.24). There was an adhesion
problem between the lanthanum aluminate and copper films
(Figure 3.4.24). EDS composition results are presented in
Table 3.4.28.

A thinner copper film was deposited onto sapphire and
silicon substrates by evaporation. These films were
transparent indicating that their thickness was less than
the previous copper film. Lanthanum aluminate was then
deposited onto these buffer layers (Table 3.4.29). For the
first 1000 Â of lanthanum aluminate deposition only argon

110 220
211

200100
210

2*Theta (Degrees)
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Figure 3.4.24: Top SEM micrograph shows the
morphologies of the copper buffer layer 
and the LaA103 overlayer. The bottom 
SEM micrograph shows the morphology of 
the LaA103 film in greater detail.
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TABLE 3.4.28
Compositional Results of LaAl03 / Cu Films 

on Silicon Substrate

Element
Atomic Percent 

LaAlO, Film LaA103 Particle CU Film
La 40.35 ± 1.0 40.60 ± 1.0 0.0
A1 50.97 ± 1.0 52.18 ± 1.0 0.0
Cu 8.68 ± 1.0 7.22 ± 1.0 25.79 ± 1.0
Si 0.0 0.0 74.21 ± 1.0

TABLE 3.4.29
Deposition Parameters of LaA103 onto Sapphire 

and Silicon with a Copper Buffer Layer
RF-Sputtering Parameters
Target LaA103
Orientation Off-Axis
Stationary Heated
Substrate Holder
RF Power 75 W
Substrate Height 2 cm
Substrate Distance 4 cm
Substrate Temperature 700°C
Base Pressure 1.9 x 10"4 Torr
Argon Pressure 8 mTorr
Oxygen Pressure 3 mTorr
Total Sputtering Gas
Pressure 11 mTorr
Deposition Time 1.5 Hours
Final Thickness 2832 À
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gas was used for the sputtering gas to minimize the 
oxidation of the copper film. The XRD patterns show that 
the lanthanum aluminate films are amorphous (Figure 3.4.25 
shows LaA103 film on sapphire.) The film composition on 
silicon was more stoichiometrically correct than on sapphire 
(Tables 3.4.30 and 3.4.31). This observation may be due to 
sampling of the substrate as well as the LaA103 film in the 
EDS analysis. The microstructure of the film on silicon had 
both star-like and rod-like particles (Figure 3.4.26). The 
star-like particles contain more aluminum and the rods have 
a higher concentration of lanthanum. The smaller dot 
particles contain a nearly 1:1 ratio of lanthanum to 
aluminum. In contrast the morphology of the film deposited 
onto Cu/sapphire consists of rounded and randomly dispersed 
particles varying from approximately 0.33 to 2 microns in 
size (Figure 3.4.27).

Thin transparent silver buffer layers were evaporated 
onto sapphire and silicon substrates and lanthanum aluminate 
was then deposited onto the silver buffer layers. The XRD 
patterns for these samples show only the silver (111) Bragg 
peak (Figure 3.4.28) . The films on sapphire and silicon 
were continuous with large particles randomly distributed 
(Figure 3.4.29). The size of the particles ranged from 
approximately 0.2 to 2 microns. Approximately the same 
amount of lanthanum was deposited onto the silver buffer
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TABLE 3.4.30
Composition of Film Deposited onto Cu/Sapphire

Atomic Percent
Element Overall Film Particle

La 25.24 ± 1.0 24.25 ± 1.0
A1 64.84 ± 1.0 51.95 ± 1.0
Cu 9.91 ± 1.0 23.80 ± 1.0

TABLE 3.4.31
Composition of Film Deposited onto Cu/Silicon

Element Overall Film
Atomic Percent (± 1%) 

Dot Star 
Particle Particle

Rod
Particle

La 17.68 21.98 10.83 21.76
A1 20.12 26.66 18.76 18.75
CU 2.32 36.06 16.84 22.74
Si 59.89 15.30 52.39 36.74
Cl - - 1.18 —
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Figure 3.4.25: XRD pattern for LaA103 deposited onto

a thin copper buffer layer on sapphire

Figure 3.4.26: SEM micrograph showing the morphology of
the LaAl03 film deposited onto a thin 
copper buffer layer on silicon.
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Figure 3.4.27: SEM micrograph showing the morphology of
the LaA103 film deposited onto a thin 
copper buffer layer on sapphire.



T-3956 111

(A4J•H
CD
&(0
■P
•H

25
2*Theta (Degrees)

inP•HcD
&(0
P•H
<

j------S---- m  \5 20 25

2*Theta (Degrees)
Figure 3.4.28: The top XRD pattern for LaA103 film

deposited onto a thin silver buffer 
layer on sapphire. The bottom XRD 
pattern for LaAl03 film deposited onto a 
thin silver buffer layer on silicon.
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Figure 3.4.29: The top SEM micrograph shows the LaA103
film deposited onto a thin silver buffer 
layer on sapphire. The bottom SEM 
micrograph shows the LaA103 film 
deposited onto a thin silver buffer 
layer on silicon.
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layer. Approximately the same amount of lanthanum was 
deposited onto the silver buffer layers on both sapphire and 
silicon substrates (see Tables 3.4.32 and 3.4.33).

The samples mounted 2 cm high were post-annealed 
according to the heat treatment conditions in Table 3.4.34. 
Post-annealing had no visible effects on the morphology of 
the films (Figure 3.4.30). The composition of the post
annealed films remained unchanged from the as deposited 
films (Table 3.4.35). The lanthanum aluminate film 
crystallized in the post-annealing treatment as seen in the 
diffraction pattern (Figure 3.4.31). The calculated d- 
spacings and relative peak heights are listed in Table
3.4.36. The pseudo-cubic lattice constant was calculated to 
be 3.8107 À with a standard deviation of 0.004 À. This 
matches well with the lattice constant, 3.788 ± 0.009 À, for 
lanthanum aluminate (Table 3.3.1). The relative peak 
heights for the post-annealed LaA103 film match very closely 
with the peak heights measured for the LaA103 powder (Table 
3.3.1) unlike previous post-annealed samples in the Section 
3.4.4.
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TABLE 3.4.32
Deposition Parameters of Lanthanum Aluminate 

onto Silver Buffer Layer on Sapphire 
and Silicon Substrates

RF-Sputtering Parameters
Target LaAlOj
Orientation Off-Axis
Stationary Heated Substrate
Holder
Substrate Height 1 cm and 2 cm
Substrate Distance 3.8 cm
Substrate Temperature 650 ° C
RF Power 150 W
Base Pressure 1.0 x 10*4 Torr
Argon Pressure 8 mTorr
Oxygen Pressure 3 mTorr
Deposition Time 3 Hours

TABLE 3.4.33
Compositional Analysis of Lanthanum Aluminate 

Deposited onto Ag/Sapphire and 
Ag/Silicon

Substrate Element
Atomic

Overall
Film

Percent (± 
Particle

1%)
Continuous

Film
Ag/Sapphire La 37.07 39.73

A1 61.62 57.94 -
Ag 1.31 2.33 -

Ag/Silicon La 38.06 37.72 37.77
A1 47.61 55.17 46.66
Si 11.18 2.78 13.91
Ag 3.15 4.34 1.66
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TABLE 3.4.34
Post-Annealing Conditions of Lanthanum 

Aluminate Films Deposited onto 
Silver Buffer Layers

Heating Rate 10°C/Min.
Cooling Rate
(800 °C to 350 °C) 1°C/Min.
(350 °C to Room Temp.) 10°C/Min.
Annealing Temperature 800 ° C
Annealing Time 10 Hours

TABLE 3.4.35
Compositional Results of Post-Annealed Lanthanum 
Aluminate Deposited onto Silver Buffer Layers

Substrate
Atomic Percent (± 

Element Overall Film
1%)
Particles

Ag/Sapphire La 37.19 36.17
A1 61.25 61.26
Ag 1.56 2.58

Ag/Silicon La 35.85 35.73
A1 47.03 51.27
Ag 2.63 2.10
Si 14.48 10.90
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TABLE 3.4.36
d-Spacings for Post-Annealed Lanthanum Aluminate 
  Film on Ag/Sapphire

hkl 2*9 d-Spacing (À) Normalized
Peak Height

100 10.68 3.818 52.0
110 15.16 2.694 100.0
111 18.60 2.199 47.7
200 21.48 1.907 39.2
210 24.12 1.701 23.9
211 26.40 1.556 43.2
220 30.60 1.347 26.1
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Figure 3.4.30: The top SEM micrograph showing the
unchanged morphology of the post
annealed LaA103 film on Ag/sapphire. 
The bottom SEM micrograph showing the 
morphology of the post-annealed LaAlO- 
film on Ag/silicon.

117
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Figure 3.4.31: XRD pattern for post-annealed LaA103

film deposited onto Ag/sapphire.

3.4.6 POST IN-SITU ANNEALING OF LANTHANUM ALUMINATE FILMS

A series of post in-situ annealing studies was 
performed to see if this type of processing method would 
produce good quality crystalline lanthanum aluminate films. 
Lanthanum aluminate films were deposited onto sapphire, 
magnesium oxide (MgO), and yttrium-stabilized zirconia (YSZ) 
substrates. The deposition parameters are listed in Table
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3.4.37. Initial deposition parameters matched the optimal 
deposition parameters previously determined in the pressure 
study (Section 3.4.3). Several research groups have 
recently reported high quality, c-axis oriented YBCO films 
on substrates whose lattice constants do not match with the 
YBCO basal plane. In these reports the films were typically 
deposited at higher pressures (5,56-58). Therefore the 
sputtering gas pressures were increased in this study to see 
if higher sputtering and post-in-situ annealing pressures 
would affect the film quality.

The EDS compositional results for the overall films are 
listed in Table 3.4.38. The overall film composition seems 
to be dependent on the substrate material. The lanthanum 
aluminate films deposited onto MgO and YSZ are rich in 
aluminum even though the lanthanum aluminate target has 
approximately a 1:1 ratio of lanthanum to aluminum. Films 
deposited onto YSZ are closer to the desired stoichiometry 
of 1:1 for lanthanum to aluminum than films deposited onto 
MgO. Since a large portion of the substrate is included in 
the EDS compositional analysis it is difficult to determine 
if the film deposited onto sapphire is stoichiometrically 
correct. However, in previous studies thicker films 
deposited onto sapphire and silicon matched closely with the 
composition of the same lanthanum aluminate target (Section 
3.4.4). The deposition rate for lanthanum and aluminum were
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TABLE 3.4.37
Deposition and Post-In-Situ Annealing Parameters 

For Lanthanum Aluminate Films Deposited 
onto Sapphire, MgO and YSZ Substrates

Deposition
Parameters 25 26

LAO Sample Identification 
27 28 31 32 33

RF Power 
(Watts) 75 75 100 100 100 100 100
Sputtering 
Gas Pressure 
(mTorr) 16 16 30 30 40 40 40
Argon Pressure 
(mTorr) 12 12 20 20 30 30 30
Oxygen
Pressure
(mTorr) 4 4 10 10 10 10 10
Deposition
Temperature
(C) 720 675 700 750 750 745 700
Deposition
Time
(Hours) ino 0.5 1 1.5 2 0.3 2
Annealing
Temperature
(C) 725 675 700 800 800+ 775
Annealing 
Time (Hours) 2 2 2 1.5 1 1.25 ,
Annealing
Pressure
(mTorr) 16 16 30 30 2000 2000
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Table 3.4.38
EDS Compositional Results for Post-In-Situ 

Annealing Study of Lanthanum Aluminate 
Films Deposited onto Sapphire,

MgO and YSZ Substrates

Substrate Sample Id.
Atomic
La

Percent
A1 (± 1%) La / A1

Sapphire 25 7.00 93.00
26 6.13 93.87 -
27 10.92 89.08 -

28 13.66 86.34 -

31 7.73 92.27 -

32 1.09 98.91 —
33 2.03 97.97 —

MgO 25 6.58 9.11 0.722
26 6.12 9.16 0.668
27 2.26 19.48 0.6294
28 15.64 23.45 0.6670
31 6.46 10.47 0.617
32 1.54 - -

33 — — —

YSZ 25 11.16 14.43 0.773
26 - - -
27 18.29 23.35 0.7833
28 22.11 25.54 0.8657
31 14.33 16.08 0.8912
32 2.44 3.02 0.8079
33 5.87 5.37 1.093
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greater for films deposited onto YSZ than MgO. Similarly, 
the deposition rate for lanthanum was greater for films 
deposited onto YSZ than for sapphire.

The EDS compositional analysis for Sample 32 deposited 
onto MgO contains no aluminum. However, a compositional 
analysis of the star-like particle in the film had a La:A1 
ratio which was approximately equal to 1:1 (Figure 3.4.32). 
This result suggests the overall film compositional 
measurement was not correct and that the deposited film 
contains both lanthanum and aluminum.

The morphologies of the films deposited onto sapphire 
post-in-situ annealed at 725°C or below were smooth and 
featureless (Figure 3.4.33). However, films post-in-situ 
annealed at temperatures ranging from 775 to 800+°C had 
small star-like and branch-like particles. This change 
in the film morphology may be associated with initial stages 
of crystallization of the films. Additional transmission 
electron microscopy (TEM) and selected area diffraction 
(SAD) studies need to be performed to confirm this 
hypothesis. The morphologies of the films deposited onto 
MgO and YSZ also seemed to be dependent on the post-in-situ 
annealing temperatures. Films post-in-situ annealed at 
temperatures greater than 775°C had more textured areas and 
again some star-like particles (Figures 3.4.34-3.4.35), 
again suggesting that some type of structural change began
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Figure 3.4.32: SEM micrograph showing the film
deposited onto MgO substrate (Sample 
LAO-32).
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Figure 3.4.33: SEM micrographs showing the morphologies
of the post-in-situ annealed films on 
sapphire. The top micrograph is sample 
LAO-27 and the bottom LAO-28.
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Figure 3.4.34: SEM micrographs showing the morphologies
of the post-in-situ annealed films on 
MgO. The top micrograph is sample 
LAO-25 and the bottom LAO-26.
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Figure 3.4.35: SEM micrographs showing the morphologies
of the post-in-situ annealed films on 
YSZ. The top micrograph is sample 
LAO-27 and the bottom LAO-28.
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to occur in the films at these higher post-in-situ annealing 
temperatures. These results are consistent with the post 
deposition annealing results where the crystallization 
temperature for lanthanum aluminate was determined to be 
between 800 and 850°C.

The XRD analyses of the films showed that all the films 
are amorphous. The only diffraction peaks observed in these 
samples belonged to the substrates or the silver paste.
These results indicate that changes in the structure 
observed in the morphology of the post-in-situ annealed 
films may not be significantly large enough to be detected 
by XRD measurements.

3.4.7 LATTICE MATCHING

A study was performed to duplicate Dr. A. Lee's 
deposition of crystalline lanthanum aluminate buffer layers 
onto crystalline EBCO films. Using similar rf-sputtering 
parameters, lanthanum aluminate was deposited onto a EBCO 
film on SrTi03 as well as MgO and sapphire substrates (See 
Table 3.4.39). Before depositing lanthanum aluminate, the 
EBCO film was analyzed using XRD, resistance versus 
temperature, and SEM measurements. The XRD pattern 
confirmed the EBCO to be c-axis oriented (Figure 3.4.36).
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The mosaic spread of the film was 0.26° at full-width half
maximum (Figure 3.4.3 6). The lattice constant for the EBCO 
film was calculated to be 11.751 À. The c-axis of the EBCO 
film was accurately determined by calculating the "q" values 
for each (001) Bragg peak observed in the diffraction 
pattern. Then the q value was plotted against the 
respective order of the (001) value. The distance between 
diffraction planes in reciprocal is q and it is described by 
the following equation:

47rsin(0)
q = --- ^ ------------  (3.4.1)

where is half the diffraction angle and is the radiation 
wavelength. The above Equation (3.4.1) was solved for 
sin / \  and substituted into Bragg's law (Equation 2.2) to 
get the following expression: 

n q
(3.4.2)

dn 27T

Then the above equation was linearized to get:
27rn

q =   . (3.4.3)

The slope of the line was accurately determined from the 
above equation by performing a linear regression. (See 
Figure 3.4.37 for the graph of this line.) The c-axis 
lattice constant was computed from the slope of the line to 
be 11.751 ± 0.001 À. The uncertainty of q was calculated
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TABLE 3.4.39
Deposition Parameters of Lanthanum Aluminate 

onto Crystalline EBCO Film, Sapphire, 
and MgO Substrates

RF-Sputtering Parameters
Target LaA103
Off-Axis Orientation
Substrate Temperature 730 ° C
Substrate Height 2.5 cm
Substrate Distance 5.0 cm
RF-Power 100 W
Base Pressure 1.0 x 10"4 Torr
Argon Pressure 40 mTorr
Oxygen Pressure 30 mTorr
Total Sputtering
Gas Pressure 70 mTorr
Deposition Time 2 Hours
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Figure 3.4.36: Top XRD pattern shows the c—axis

oriented EBCO film. Bottom rocking 
curve analysis shows that the EBCO film was well oriented.
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Figure 3.4.37: Plot of q versus (001). Circles represent q
calculated before LaA103 deposition and 
squares represent q calulated after LaA103.
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from the following equation:

47rA©cos(-e)
A  q =   (3.4.4)

X
whereA © is the full-width-half-maximum measured directly 
from the XRD pattern.

The resistance versus temperature measurements showed a 
superconducting transition at 90 K. The room temperature 
resistance of the film was 5.4 ohms (Figure 3.4.38). The 
SEM micrograph of the EBCO showed a smooth continuous film 
with what appeared to be randomly dispersed black pinholes 
(Figure 3.4.39). The EDS compositional results are listed 
in Table 3.4.40. From the EDS compositional analysis the 
ratios for Er:Ba:Cu and Sr:Ti were calculated to be 
1:0.94:1.7 and 1:1.79, respectively. The energy of the x-
rays collected in the EDS measurement overlapped 
significantly affecting the ability of the software to 
accurately resolve the quantitative amounts of each element 
present in the sample (see Figure 3.4.40) and making it 
difficult to draw any conclusions about the EBCO film 
composition before lanthanum aluminate deposition. Since 
the film had good resistance versus temperature properties, 
the composition of the film must have been fairly close to
the expected 1:2:3 ratio of Er:Ba:Cu.
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TABLE 3.4.40
Compositional Analysis of EBCO Film on SrTi03 
Before Lanthanum Aluminate Film Deposition

Element
Atomic 

Overall Film
Percent

Black Pinhole
. Er 14.36 ± 1.0 16.25 ± 1.0
Ba 13.49 ± 1.0 7.63 ± 1.0
Cu 25.01 ± 1.0 6.04 ± 1.0
Sr 16.92 ± 1.0 23.70 ± 1.0
Ti 30.23 ± 1.0 46.38 ± 1.0

6.00

5.00

4.00

3.00

2.00

1.00

0.00 300.000.00 50.00 100.00 150.00 200.00 250.00
T em pera tu re  (K)

Figure 3.4.38: Resistance versus temperature curve for
EBCO superconducting film.
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Figure 3.4.39: SEM micrograph showing the morphology of
the EBCO film before the deposition of 
LaA103 film.
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Figure 3.4.40: Graph showing the EDS data collected for
compositional analysis of EBCO film.
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The lanthanum aluminate film was analyzed using XRD and 

SEM/EDS. The XRD pattern for LaAlOj/EBCO/SrTiOj had 
lanthanum aluminate (100), (200), and (300) Bragg
diffraction peaks indicating that the film was crystalline 
and oriented along the (hOO) direction (see Figure 3.4.41 
and Table 3.4.41). The average pseudo-cubic lattice 
parameter was calculated to be 3.81 Â (Table 3.4.41). This 
value is slightly larger than the lattice parameter measured 
for lanthanum aluminate powder 3.788 ± 0.009 Â. Rocking 
curve analysis of the lanthanum aluminate (100) peak gave 
full-width half-maximum value of 0.29°, reaffirming that the 
lanthanum aluminate crystalline film is well oriented 
(Figure 3.4.41) . The c-axis was calculated by performing a 
linear regression of Equation 3.4.5 as previously described 
(Figure 3.4.37). The c-axis of the EBCO film was calculated 
to be 11.92 6 ± 0.02 Â. As seen Figure 3.4.37 the two lines 
are within the experimental uncertainty of q. This result 
indicates that there was no degradation to the EBCO film 
during the LaA103 deposition. There is one unidentified 
Bragg peak at 2*theta equal to 27.70° ; it is not from the 
silver paste. The XRD patterns for the films on sapphire 
and MgO only showed substrate diffraction peaks indicating 
that the deposited films were amorphous.

All the deposited films were smooth as can be seen in 
the SEM micrographs (Figure 3.4.42). However, the lanthanum
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TABLE 3.4.41

Calculated d-Spacing for XRD Pattern of 
LaA103 Deposited onto Crystalline 

EBCO Superconducting Film
2*6 d-Spacing

(A)
SrTi03

hkl
ErBa,Cu,0_

hkl
LaAlO,

hkl
3 . 6 11.31 010

10.46 3.899 100
10.76 3.790 100
13 .82 2.954 040
17.26 2 .368 050
20.96 1.954 200
21.40 1.914 200
24 . 28 1.690 070
27.70 1.485
31.62 1.304 300
31.82 1.296 090
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Figure 3.4.41: XRD pattern showing the oriented LaA103

film on EBCO superconducting film. 
Rocking curve analysis showing that the 
LaA103 film is well oriented.
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Figure 3.4.42: SEM micrographs showing the morphologies

of LaA103 films deposited onto sapphire 
(top) and MgO (bottom).
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aluminate film on EBCO had light grey, medium grey, and 
black particles randomly throughout the film (Figure 
3.4.43). The EDS compositional data for these films are 
presented in Tables 3.4.42-3.4.43. Again, for the reasons 
previously mentioned it is difficult to draw any conclusions 
about the compositions of the LaA103 and EBCO films.

Figure 3.4.43: SEM micrograph showing the morphology of
LaA103 film deposited onto EBCO 
crystalline film.
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TABLE 3.4.42

Compositional Analysis for Lanthanum Aluminate 
Deposited onto EBCO Film on SrTiO,

Element
Atomic Percent (± 1%) 

Overall Film Light Particle Dark Particle

La . 15.74 17.68 14.96
A1 26.34 30.65 19.19
Er 8.46 8.04 11.71
Ba 11.43 13.50 10.90
Cu 19.56 14.42 12.81
Sr 5.81 5.26 9.47
Ti 12.66 10.44 20.97

TABLE 3.4.43
Compositional Analysis for Lanthanum Aluminate 

Deposited onto Sapphire and MgO Substrates
Substrate Element Overall Film 

(Atomic Percent)
Sapphire La 13.18 ± 1.0

A1 86.82 ± 1.0
MgO La 10.64 ± 1.0

A1 18.69 ± 1.0
Mg 70.67 ± 1.0
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3.5 LANTHANUM ALUMINATE THIN FILM DEPOSITION SUMMARY

The radial compositional study (Section 3.4.2) of 
lanthanum aluminate films deposited onto 1-2-3 
superconducting films showed that there was no correlation 
between film composition and radial positioning of samples 
on the rotating substrate holder. These results are 
consistent with other studies which have shown correlations 
between superconducting film compositions and substrate 
distance radially away from the target, since in the radial 
compositional study all the substrates were essentially 
located at the same distance from the center of the target.

Small changes in total sputtering gas pressure, from 6 
to 12 mTorr, did not greatly affect the quality of the 
lanthanum aluminate films deposited onto sapphire and 
silicon substrates. The deposition rates were slightly 
greater for an argon to oxygen ratio of 3:1 than for 2:1. 
Surprisingly, the deposited film compositions contained no 
chlorine or potassium impurities while the target did. The 
film composition deposited onto silicon was richer in 
lanthanum than was that of the target. The ratio of 
lanthanum to aluminum for the films typically ranged from 
0.78 to 0.89 with one unexplained exception of 0.59, while 
the target had a ratio of 0.70. All of the films deposited 
at these pressures were amorphous in structure and typically
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had a smooth and featureless morphology.

The crystallization temperature of the amorphous 
lanthanum aluminate films was determined to be between 800 
and 850°C. XRD results showed that the annealed films were 
randomly oriented and crystalline in structure when annealed 
at temperatures between 800 and 850°C. Unfortunately, the 
high post annealing temperatures caused the films to 
severely crack. The cracking was attributed to the 
difference in the thermal expansion coefficients for 
lanthanum aluminate and the substrates (sapphire and 
silicon). These results led to studies of lanthanum 
aluminate film depositions at lower processing temperatures 
such as depositing films onto heated substrates (650 to 
775°C) and metallic buffer layers.

Most of the lanthanum aluminate films deposited onto 
metallic buffer layers were amorphous even though the 
lattice constants of the metallic layers matched closely 
with the lattice constant for lanthanum aluminate. The 
buffer layers greatly affected the morphology of the 
deposited films.

Post-in-situ annealing studies reconfirmed the minimum 
crystallization temperature for lanthanum aluminate films to 
be about 800°C. The structure in the film morphology was 
temperature dependent. At annealing temperatures greater 
than 775°C the films on sapphire began to show star-like
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structures dispersed randomly throughout the film. Similar 
structure changes were observed in films on MgO and YSZ at 
annealing temperatures greater than 775°C. More 
importantly, the composition of the films was dependent on 
the substrate material and rf-sputtering parameters or 
annealing conditions.

A study was performed to deposit a crystalline film of 
lanthanum aluminate onto a EBCO film and compare 
simultaneous depositions onto sapphire, MgO, and YSZ.
Higher sputtering gas pressure was used to reduce the 
deposition rate of the films. This study reaffirmed the 
importance of lattice matching of the film and substrate 
materials when growing epitaxial films. The increase of the 
c-axis parameter of the EBCO indicated that oxygen depletion 
may have occurred in the superconducting film during the 
lanthanum aluminate film deposition.

4.0 RECOMMENDATIONS FOR FUTURE STUDIES OF LANTHANUM 
ALUMINATE FILM DEPOSITIONS

The deposition studies described in this thesis have 
reaffirmed the importance of lattice matching the film and 
substrate when trying to grow epitaxial films. Even though
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initial attempts to deposit lanthanum aluminate onto thin 
copper and silver buffer layers on sapphire and silicon were 
not successful, a study with modified deposition parameters 
could be initiated. Since copper and silver lattice 
constants match closely with lanthanum aluminate, it should 
be possible to deposit epitaxial layers of lanthanum 
aluminate using similar deposition parameters as were 
described in Section 3.4.7.

Crystalline deposition of oriented lanthanum aluminate 
onto substrates whose lattice parameters do not match well 
with lanthanum aluminate will require careful processing. 
Higher sputtering pressures were more effective in reducing 
the deposition rate than was lowering the rf-power supplied. 
Therefore, higher sputtering gas pressures are recommended 
for crystalline deposition of lanthanum aluminate onto 
lattice mismatched substrates such as sapphire, MgO, and 
YSZ. Other alternatives, such as chemical enhancement of 
the substrates before and after film deposition are also 
recommended for further studies.

The post-in-situ annealing studies suggest that 
annealing temperatures greater than 775°C produce structural 
changes in the films. Further investigation of post-in-situ 
annealing with longer annealing times would determine if 
this process can produce acceptable quality polycrystalline 
lanthanum aluminate films on a variety of substrates.
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However, before implementation of this type of study is 
made, it is recommended that a more reliable substrate 
heater be installed. The present substrate heater has 
difficulty in maintaining high annealing temperatures for 
prolonged periods of time.

5.0 OVERALL SUMMARY

A reliable processing method for making high purity and 
high quality lanthanum aluminate powder which can be used to 
make sputtering targets has been developed. The optimal 
processing method for preparing lanthanum aluminate powder 
was determined to be mixing a one-to-one molar ratio of 
lanthanum and aluminum ions in solution followed by 
hydrolysis and filtration. The calcination temperature 
required to decompose the hydrolysis byproducts was 950°C. 
The starting materials which yielded the highest purity 
products were lanthanum hydroxide and aluminum chloride.
The concentration of nitrate present in the solutions 
greatly affected the purity of the products. If the nitrate 
concentration was too high then the powder products had a 
high impurity concentration. A possible hypothesis to 
explain this effect is that an unidentified nitrate 
compound, not listed in Table 2.2.4, is present in the
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solution and has a decomposition temperature greater than 
9508 C.

The effects of substrate location, sputtering gas 
pressure, post-annealing, metallic buffer layers, in-situ- 
post annealing, and substrate lattice matching on the 
quality of lanthanum aluminate films deposited by rf- 
magnetron sputtering were investigated. Substrates were 
positioned at different radial distance on a rotating 
substrate holder. The distance between the target center 
and substrate holder was approximately 4 cm. The previous 
studies that correlated substrate-target distances with YBCO 
film compositions and phases did not vary the radial 
distances of the substrates. This study showed that there 
is no correlation was observed between the compositions of 
the films and the radial distance. The coverage of film 
positioned at the center of the substrate holder was more 
uniform.

The sputtering gas pressure study compared film 
qualities that were deposited at pressures of 6, 9, and 12 
mTorr. The compositions of the films were different from 
the that of the target. The ratio of lanthanum to aluminum 
was closer to 1:1 for the as-deposited films. The films had 
lower impurity concentrations than the target. The 
deposition rate was slightly higher for an argon-oxygen 
ratio of 3:1. The films deposited with these sputtering
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conditions were smooth, continuous and amorphous.

Polycrystalline films could be prepared by post
annealing amorphous lanthanum aluminate films at 850°C for 
one hour in air. These films were severely cracked and thus 
unsuitable for superconducting thin-film device 
applications. The cracking of the films was attributed to 
differences in coefficients of thermal expansion between the 
films and the substrates. The crystallization of post
annealed films occurred at temperatures greater than 800°C. 
The post-in-situ studies showed changes in the film 
morphology, indicating that the films might have started to 
crystallize. The rough and textured morphology of the films 
especially on MgO and YSZ substrates indicates that the 
differences in thermal expansion coefficients of the film 
and substrate may again reduce the quality of the film.

The metallic buffer layer study showed that thick 
copper films do not adhere well to sapphire and silicon 
substrates and are not suitable for thin film applications. 
The as-deposited films on cooper and silver buffer layers 
were amorphous. The morphology of the as-deposited and 
post-annealed films on the buffer layers appeared to be not 
suitable for thin film application, since small particles 
and crystals were surface of the films. The XRD pattern for 
the post-annealed film on silver most accurately duplicated 
that of the lanthanum aluminate powder.
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The importance of matching the film and substrate 

lattice parameters was reaffirmed since the only epitaxial 
lanthanum aluminate film was grown on a well-oriented 
crystalline EBCO film. The epitaxial lanthanum aluminate 
film was deposited onto a crystalline EBCO film on SrTi03 
while the films simultaneously deposited onto sapphire and 
MgO were amorphous. These results are in agreement with 
those reported by Dr. A. Lee (59) where epitaxial growth of 
lanthanum aluminate was observed only on SrTi03 and 
lanthanum aluminate substrates. The morphology the 
crystalline lanthanum aluminate film was smooth at 3000X 
magnification. These results suggests that the single 
crystalline LaA103 film would be suitable for device 
applications. However, to be certain of this conclusion the 
morphology of the film should be inspected at higher 
magnifications. The composition of the deposited films was 
found to be dependent on the substrate material. The 
compositions of the films deposited onto sapphire and 
silicon matched the composition of the rf-sputtering target. 
The compositions of the films deposited onto MgO and YSZ 
were rich in aluminum in comparison to the target.
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