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Analysis of fully oxygenated YBa,Cu,0, film grown on a sapphire (A1203)

substrate with a ceria (CeO, ) buffer layer by x-ray diffraction provides useful
information regarding the lattice spacing, thickness of film and the strain occurring in the
thin films. Particular interest was paid to the inclusion of broadening effects of the
spectra due to instrumental resolution. This thesis showed that removal of instrumental
broadening was not a significant factor in the strain found in the films, but posed

questions about the validity of the determination of the thickness of the films.



Table of Contents

INTRODUCTION
Thin Films
Characterization
Superconducting Thin Films
Substrate
Buffer Layer
X-ray Diffraction
History
Utility
Limitations
Lattice Spacing
Broadening
Data
Analysis
Y,Ba,Cu,0, film
CeO, buffer layer
AL O, substrate

Conclusion
Bibliography

=)
O N WD B W WWNNF = E
o

[ T S
(U, NV, T \O I NS

N —
— \O



Thin Films

Thin films have been studied since the turn of the century. During the first half of
the century, scientists mainly explored the optical characteristics and thicknesses of
different thin films. With the emergence of thin films in the microelectronic industry
during the second half of the century, thin-film science has exploded so that a better
understanding of the intrinsic properties of thin films may be learned (Ohring, 1992).
Today, thin films are used as optical coatings to create polarizers and beam splitters as
well as being used to create micro-circuitry like transistors. With the increased need to
understand thin films, properties such as thickness, atomic structure, and lattice
parameters (i.e. strain of the crystal, spacing between atoms) have been studied

thoroughly for a variety of different substances.

Since the discovery of YBa,Cu,0,(YBCO), a high-7, superconductor, many
scientists have studied this substance exhaustively; probably because it is the easiest to
prepare in bulk and thin-film form (Ohring, 1992). Yet, there is still much to be learned.
Because of the relatively low cost with which YBa,Cu,0, can be prepared, it is fast

gaining importance in the application of microwave devices such as transmission lines,
delay lines and quasi-optical band-pass filters (Prakash et al, 1992). Using x-ray

diffraction as a tool for analysis, this paper will examine the lattice spacing and crystal

strain of an YBa,Cu,0, film grown on an Al,O, (sapphire) substrate with a buffer layer

of ceria (CeO, ), and analyze the importance of the inherent broadening of the diffraction
peaks due to the analysis instrument itself.
The sample studied here was a 200 nm YBCO film evaporated onto a sapphire

substrate with a ceria buffer layer. There are several important factors that determine the



use of one particular substrate over another. Here, A4/,0, offers a small dielectric

constant of 9.34 at 298K (Lide, 1993), chemical stability in oxygen at the elevated

temperatures that are needed during deposition, and availability as crystal wafers at low
cost (Maul et al, 1994). A buffer layer of CeO, was introduced between the 47,0,
substrate and YBa,Cu,0, film to reduce interactions between them. Aluminum
interdiffusion and lattice mismatch are common problems (Maul et al, 1994). In addition
to reducing film interactions, CeQ, has an intermediate thermal expansion coefficient of
O, =11.6¥10° K" compared to 41,0,'s o, =6*10° K™ and YBa,Cu,0;'s

O ypeo =13%107° K" (all at room temperature), which reduces strain caused by different
thermal expansion coefficients, and also has a low dielectric constant of 7.0 (Merchant et

al, 1991). Figure 1 is a representation of the film growth.
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Figure 1 A representation of the set of films under analysis.



X-Ray Diffraction

In 1912, German physicist Max von Laue (1879-1960) conceived the idea of
using a crystal as a three-dimensional grating since the crystal was composed of regularly
spaced atoms (Hecht, 1987). He hypothesized that if x-rays were electromagnetic waves
with wavelength on the order of the atomic spacing (0.1 or 0.2 nm), then they would
diffract off of the crystal, thus developing x-ray diffraction. That same year, W.H. Bragg
(1862-1942) and W.L. Bragg (1890-1971) studied Max von Laue's experiments
intensively. W.L. Bragg mathematically characterized von Laue's experiments within a
short time. With x-ray diffraction as a powerful new tool, Bragg successfully solved the
structures of many crystals such as HCI/, KCI, KBr and KI (Cullity, 1978). Bragg's
mathematical characterization of x-ray diffraction is now known as the Bragg law-
nk =2dsin® . Experimentally, it can be used to determine the spacing between the
planes of a crystal using a known wavelength and varying the angle, 6 . Another way to
use the Bragg Law is to use a crystal with known lattice parameters to determine an
unknowh wavelength.

Historically, instruments which measure x-ray spectra using a crystal of known
structure are labeled x-ray spectrometers and instruments that are used to study
crystalline and non-crystalline materials are named x-ray diffractometers (Cullity, 1978).
Initially, these instruments were mainly used for research, but industry in
microelectronics has embraced these tools as a means of failure analysis and process

control. For this experimental analysis, a Siemens D5000 diffractometer operating with

aCu K line of wavelength of A =0.15406 nm was used.



It is useful to discuss the different scattering modes for diffraction since scattering
can occur for all different types of arrangements. When atoms are arranged randomly as
in gases or liquids, scattering occurs in all directions and is often weak. When atoms are

o
\
arranged periodically, as in a crystal, strong scattering occursf)nl})\i a few directions, S

SR
thus satisfying Bragg's law. In this manner, the amplitudes of the waves add together.

Thus, strong scattering will occur when there is constructive interference of the

electromagnetic waves and weak scattering will occur when there is destructive

interference. While strong scattering may occur in a crystal, it will only be in certain

directions. The figure below is a schematic of the diffraction of x-rays by a crystal.

normal

diffiracted beam-read by detector

Figure 2 X-ray diffraction. Rays on the right are read up by a detector.

X-ray diffraction has therefore been used to determine the crystal structure of
solids, to identify of unknown materials as well as to analyze stress and defects in

crystals. Until recently, x-ray diffraction methods had not been pursued with vigor in the



study of thin-films mainly because the path length through the films was too short to
produce diffracted beams of sufficient intensity (Ohring, 1992). This is due to the great
penetrating power of the x-rays and is overcome by long counting times. Under these
circumstances, the substrate rather than the film itself had a more detectable signal
because of the strong axis orientation in the substrate. Also, the transmission electron
microscope (TEM) provided the same information scanning ‘a much smaller area of the
film. X-ray diffractometers' emergence as a primary source of analysis in thin-film study
is due to the nondestructive nature of the analysis as well as easy sample preparation.

An important characteristic in crystals and thin-films is the lattice spacing. It is
well known that a crystal is composed of atoms that are ordered in a pattern of three
dimensions. A lattice is defined as an array of points in space so arranged that each point

has identical surroundings (Cullity, 1978). From this, important quantities describing the
crystal such as the lattice constants in the crystal can be determined. The CeO, filmis a
cubic structure, the YBa,Cu,0, film is orthorhombic and the sapphire film is a hexagonal

structure. The lattice constants in cubic structures are all equal to each other, while an

orthorhombic structure's lattice constants are not equal though its dimensions are similar

2 2 2
to a cubic system, d—z = h—2 + % + —17 where A,k and [ are Miller indices and d is the
a c

distance between adjacent planes (Cullity, 1978). In a hexagonal structure, the lattice

. .1 AR +hk+E* P AT
constants are determined by the equation, o = —Lz—— +— . Miller indices are
a c

used to represent planes of different directions within the crystal structure.



To determine the spacing of the c-axis parameter in a film, Bragg's law was used.
This law is a very powerful mathematical tool that was used extensively in this analysis.
The lattice spacing is obtained from:

nh  1*0.15406 nm

i —
2sinH °
. 2*sin(—7';5 )

located at 20 =7.75°.

=0.1139 nm for the first order YBa,Cu,0, peak

A more precise way of determining the spacing between the lattices is to plot
d against the appropriate function of the angle. The ideal lattice spacing can be
extrapolated from the plot. This is more accurate because the former method does not
account for systematic errors inherent in measurement such as misalignment of the
instrument, absorption in the specimen and displacement of the specimen from the
diffractometer axis (Cullity, 1978). According to Cullity, no single extrapolation
function can be completely satisfactory because of these systematic errors. In general,

the function that gives a better straight line will show which error is largest and
. . . . Ad .
correction can be made from that point. In diffractometers, the strain, 7 , varies as

cos?0 for non-cubic structures. Therefore, to eliminate the errors listed above and

reduce random errors such as ordinary chance errors due to observation, extrapolating to

: ‘
CO.S 99 =0(6 =90°) will be a reasonable method (Cullity, 1978). r A5
sin

Broadening in the x-ray diffraction peaks of the films can be caused by many
factors including finite film thickness, instrumental broadening and strain. Of course,

characterizing the strain in thin films as well as crystals is critical; strain needs to be



understood for many reasons. 1t provides insight into growing better 11ims, aetails ot
thin-film properties, as well as defects.
Use of Bragg's law leads to a description of the strain in a thin-film. By

differentiating the expression for the lattice spacing with respect to 6 one obtains:

Ad _ nhcos®  nmh 1 Dividing by d = n & , one obtains
2sin®

AO  2sin’® 2 tandsind

l%d' =cot0 AO , from which AO = A7dtan9 . This relates the broadening of the peaks at

full-width half-max (FWHM), A6 , to the strain, %d of the plane spacing. Plotting A6

against tan® should yield a straight line of slope %61 if the strain is the only factor

inducing peak broadening (i.e. no instrumental broadening is observable and the
thickness of the film is large).

However, both the finite thickness of the film and the instrument resolution will
contribute to the broadening of the peaks. One aim of this paper is to determine whether

or not these two phenomena are significant in XRD analysis. Broadening in samples due

to the thickness of a film can be described by the Scherrer formula. Classically, the
Scherrer formula is used to estimate the particle size of very small crystals from the
broadening of the diffraction spectra (Cullity, 1978). This phenomenon is a result of
incomplete destructive interference due to the finite number of scattered rays and the
anale P(?,Iiditi,on for which this occurs is the Bragg angle. If the thickness of the ﬁlm/yydé‘

! /
infinite, then the sum of all the scattered rays would be zero. Mathematically, it is

0.91
tcosO,

described by A8, = and is illustrated in figure 3. Therefore, in an infinitely




thick film, AB, — 0. The expression above can be used to estimate the inherent
broadening for films of different thickness. Clearly, when the thickness is small, this

type of broadening increases.

Broadening due to thickness
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Figure 3 Broadening in films at various thicknesses. As the thickness becomes smaller, the broadening

increases.

Instrumental broadening of x-ray peaks is due to many different parameters of the

/

Vi
diffractometer such as resolution and misalignment. Using a well-annealed sample of /—  d¢iyq/ 7

tungsten as a standard for the subtraction of instrumental line broadening as per Warren's

formula, (A0 )* = (AB )’ sampte — (AB )’ isrr., the instrumental broadening can be determined

(Prakash, 1992).




Data

Below, Figure 4 depicts the plot of counts versus 20 for a YBCO film on
ceria/sapphire. These counts were taken using a Siemens diffractometer with

Cu radiation of wavelength, A =1.5406 A operating at 30kV . Figure 5 is a blow up of

the YBa,Cu,0, peak for (hkl)=(006) in steps of 0.02°.

Counts
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Figure 4 The x-ray spectra for the three thin films. Thirteen peaks are shown for the YBCO film, three

peaks for the sapphire film and two peaks for the ceria.
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Figure 5 The x-ray spectrum for the YBCO peak (006) details the full-width half-maximum (FWHM).

Table 1 introduces the YBa,Cu,0, data. Included in the table are the measured
broadening and the instrumental broadening. Data for the instrumental broadening
particular to the Siemens diffractometer used for analysis were not available. Instead,
data collected in Prakash's paper was used to create a polynomial function whereby an

estimate of the instrumental broadening could be determined as a function of 6 . Figure 6

is a plot of the instrumental broadening polynomial function. Using Warren's formula, @ amd |t
the instrumental broadening was extracted, leaving peak broadening due to strainand |/

thickness of the film.
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Instrumental Broadening
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Figure 6 A plot of the function for the instrumental broadening determined from Prakash's paper.

YBa,Cu, 0, Data
(h k l) 29 latti.ce Ae sample Ae instr. Ae Sine AB cosb
spacing
(deg) (d) (rad) (rad) (rad) N A
nm
001 7.8 1.168 8.73E-4 9.15e-4 0.4415

002 153  1.167 9.59E-4 9.53e-4 1.07¢-4 0.8641  6.89¢-4
003 228 1.166 103E3 9.88e4 845E-4’ 12829 6.89E3 o °
004 30.6 1.168 1.71E-3 1.02E-3 137E3° 17128 8.59E-3

005 38.6 1.166 205E-3 106E-3 175E-3" 2.1454 1.07E-2

006 468 1.165 236E-3 1.09B-3 209E-3 ~ 2.5779 125E-2

007 550 1.168 2.53E-3 1.14E-3 225E-3° 29971 130E-2

008 63.9 1.164 2.88E-3 1.19E-3 262E-3 ' 3.4349 144E-2

009 73.0  1.159 3.63E-3 124E-3 341E-3" 3.8610 1.59E-2

0010 825 1.167 415E-3 131E-3 3.93E-3Y 42798 1.89E-2

0011 922 1.155 479E-3 139E-3 4.58E-3 47162 2.03E-2

0012 104.8 1.157 6.10E-3 152E-3 590E-3° 5.1427 2.42E-2

0013 118.0 1.133 120E-2 1.68E-3 741E-37). 5.5636  2.54E-2

el SR =NIN-J-CIEN o NI NS UC R S

Table 1 The measured © —20 values,jlattice spacing, and broadening data for the YBCO film.
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2,

CeO, Data

(h k l) 26 lattice AB sample Ae Ae Sine AO cos0

instr.

spacing —_—
(deg) ;¢ (ad)  (ad) (rad) 2 2
nm
1 200 33.2 0.5394 4.5e-3 1.51e-3  4.18e-3 1.854 2.60e-2
2 400 69.5 0.5404  8.4e-3 1.70e-3  8.25e-3  3.699 4.39e-2

Table 2 The measured 6 —20 values, lattice spacing and broadening data for the ceria film.

Al,O;Data
(hkil) 20  latice "AQ_ . AG, = A8  sin®  ABcosd
spacing
(deg ) ( d ) (I" ad) (7" ad ) (rad) A A
nm
1 1102 25.8 0.3450 2.71e-3 1.48e-3 2.27e-3 1.449 1.44e-2
2 2204 525 03483 4.5e3  1.60e3  4.14e-3 2871 2.4le2
3 3306 83.5 0.3470 6.1e-3 1.78e-3  5.83e-3  4.322  2.82e-2

Table 3 The measured O —20 values, lattice spacing and broadening data for the sapphire film.

Analysis

The lattice spacing for the YBa,Cu,0, film , which is the c-axis parameter above,

was first calculated from each peak using Bragg's law. A mean value of (d > =1.164 nm

with a standard deviation of ¢ =.0104 was determined. Using the extrapolation method

mentioned in the X-Ray Diffraction section, which models various systematic errors, a
w4 5

value of d =1.699 nm'extrapolated. Using the method of least squares, an error of

1 0.012 nm was determined. The extrapolation is shown below in Figure 7. This

extrapolation agrees with other x-ray diffractive studies on this thin film (Dumkow,

1997).

12
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Figure 7 A regression plot of the c-axis parameter for the YBCO film. An extrapolated value of 1.1699 Ly f&
nm was determined.
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Measured broadening in YBCO film
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Figure 8 A plot of the measured broadening, AB , vs. the tangent of the corresponding 6 —20

value.

By first plotting the measured broadening, AO , against tan8 , the strain in the

YBa,Cu,0, film is 0.4%, depicted above in Figure 8. The non-zero intercept is a result

of finite thickness and instrumental broadening. Utilizing Warren's formula to minimize (\W\?

the instrumental broadening effects, the relative broadening will consist of two

independent parts - one due to the actual strain in the film and one due to the thickness.

AB =A0 . +A0, .. Onetherefore obtains:
AB = '%? tan® + t0'9}; . Multiplying by cosO and dividing by A gives:
cos

£

P [ i
Ny by oS =

J 14




‘g@@ + gt—g By plotting iy Vs. 5129 the strain in the film and the
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Figure 9 A plot revealing the strain and thickness of the YBCO film with and without the inclusion of the

instrumental broadening.

Figure 9 details plots of the data with the instrumental broadening removed and included.

il V . :
Instrumental broadening\/@ accounts for/0.03% of the strain, but its effect on the

thickness is considerable.

Using the same analysis for determination of the lattice parameters, both the CeO,

and AL O, films were calculated. Two peaks were observed for the ceria film and three

peaks were observed for the sapphire as expected for highly oriented films with small

15
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Figure 9 A plot revealing the strain and thickness of the YBCO film with and without the inclusion of the

instrumental broadening.

Figure 9 details plots of the data with the instrumental broadening removed and included.

Instrumental broadening@méccount

thickness is considerable.

fofv6.03% of the strain, but its effect on the

T y=0003x+00033] m Instrumental Broadening Included
—— Linear (Instrumental Broadening Removed)
—— Linear (Instrumental Broadening Included)

Using the same analysis for determination of the lattice parameters, both the CeO, O} gl 114

and A/,0, films were calculated. Two peaks were observed for the ceria film and three

peaks were observed for the sapphire as expected for highly oriented films with small

15




lattice parameters. Though there is a lack of data for these two films, analysis of this

lattice parameter can still be performed with some confidence because the analysis on the

YBa,Cu,0, film produced values within the expected range. Figures 10 and 11 detail the

extrapolated values for CeO, and A4/,0; films respectively.

d (nm)

0.5414 - Ce(, lattice parameter

0.5412 4

\ y = -0.0005x +0.541
0.58M

0.5408

0.5406 4

0.5404 1

0.5402

0.54

0.5398

0.5396 1

0.5394

noa0a

05

0 05 1 15 2 25 3 5
cos? & 2
sin & .
Figure 10 A regression plot of the ceria lattice constant. An extrapolated value of 0.541 nm was

determined.

The value extrapolated for the cerium oxide film is 0.541nm with an error of £+ 0.001.

This value agrees with the JCPDS value of 0.541nm (JCPDS 34-394).

16



0.343 7 Al,O; lattice spacing
y =-0.0007x +0.3485
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0.345 A *
r 03445 T T T T T T T T 3
05 0 05 1 15 2 25 3 35 4 45
cos® &
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Figure 11 A regression plot of the sapphire lattice spacing as detected by the x-ray diffraction machine.

Above, the extrapolated value of sapphire lattice spacing is 0.3485nm with an error of
+0.0015. It is important to remember that the lattice parameter above is what the XRD
machine is detecting. In this instance, the lattice spacing is not a lattice constant for the

film.

Below, Figure 12 shows a plot of the measured broadening in the ceria and
sapphire films vs. tan6 . This plot shows that the strain in the sapphire film is larger
than in the YBCO film. One would expect the strain in the substrate to be smaller than in

the other films because of its larger thickness.

17
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Figure 12 The measured broadening plotted against the tangent of the corresponding © —20 value.
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Figure 13 A plot of the broadening of the XRD peaks of the two films with the instrumental broadening

removed.
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Ad ‘ Thickness of film  Thickness of film
—d— —— with removal with removal of
inst tal
of binstzumgntal lg:or;c;zg?ng
roadening
YBa,Cu,O, 0.44% 039% 257nm 642nm
CeO, 0.98% 0.97% 81nm 112nm
ALO, 0.5% 0.48% 75nm 107nm

Table 4 Comparison of strain and thickness for each film

Removing the effects of instrumental broadening does not change the strain in the

buffer layer or substrate significantly. Figure 13 again shows that removal of

instrumental broadening greatly changes the expected thickness of the films. This

analysis leads to a conclusion that the sapphire data is not as reliable as it should be. As

mentioned earlier, x-ray diffraction data should show a much stronger signal for the

substrate than for the other films because it contains so much axis orientation in the film.

When the peaks for the substrate are weak, it is possible that the sample was not properly

mounted in the device (Dumkow, 1997). In some instances, degradation of substrate

peaks due to unknown causes has been observed. Analysis of the strain in the sapphire

film should reveal little if any strain in the crystal because it is so thick compared to the

films. Yet, figure 13 shows that the strain of the substrate is on the order of the strain in

the other films as well as the thickness being smaller than the YBCO film. This is further

evidence that the sapphire data is unreliable.
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Conclusion

Determination of the lattice spacing for all three films provided values that agreed
with other literature, as expected. According to Dumkow, fully oxygenated YBCO films
typically have a c-axis parameter that varies between 1.17 nm and 1.172 nm. The
experimental analysis in this thesis agrees with these values. The values for the lattice
spacing of the ceria and sapphire films are also in agreement with the JCPDF files.

Consideration of instrumental broadening in the strain of a film does not appear to
be an overall importance. Removal of instrumental broadening changed the results by
0.03% in the strain of the YBCO film, while practically no change in the strain of the
buffer layer or sapphire substrate films occurred. Expected thickness of the two top films
was on the order of 200 nm. Figure 9 shows that for the YBCO film, removal of the
instrumental broadening yields a thickness on the order of 650 nm while the original
analysis yields a thickness on the order of 250 nm, which agrees with our expectation.
The thickness of the ceria film using the latter analysis revealed a thickness of 112 nm.
Also, one would expect the thickness of the substrate to be much larger than the top
films. Figure 13 details that the thickness of the substrate is in fact smaller than the other
two films. This is further evidence that the sapphire data is unreliable. The question of
the true thickness of these films can be answered by using other spectroscopic methods
such as TEM. These observations and analyses lead to further questions such as, at what
thickness is it important to consider broadening due to instrument resolution? Further
investigation of this sample is needed to fully understand the physical parameters of the
system, but this thesis has shown the utility and importance x-ray diffraction can have

when analyzing thin-film samples as well as crystals.
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