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ABSTRACT 

Metallic superlattices were made using magnetically 

enhanced d.c. sputtering guns. The amount of impurities is 

less than .05* which is our spectral resolution. A cleaning 

procedure is presented for sapphire substrates and a removal 

of these films from the substrates was achieved. A method 

is presented which uses a cosine-squared distribution from a 

disk-shaped source to calculate the spatial deposition 

profiles for films sputtered onto rotating substrates. To 

compare with this calculation depositions were made and 

thicknesses measured by three independent techniques. The . 

measured and calculated profiles were compared at a fixed 

value of target to substrate distance. The implication of 

these results for the growth of artifical metallic 

superlattices is discussed. The x-ray characterization of 

these samples was done by combining several techniques. The 

superlattices Fe/W, Fe/Mo, and Mo/Ta were studied. They 

showed a high texture (110) in the plane of the substrate. 

Fe, W, Ta, Mo have a BCC structure as a thin film as well as 

in the bulk material. The wide film Debye-Scherrer camera 

data showed the preferred orientation of our superlattices . 

The grain size and the diffusion between the layers were 

inferred from the diffracted x-ray spectra. The grazing 

angle scattering of x-rays data showed an agreement with a 



simplified theoretical model. The relative thicknesses of 

the layers were determined with a precision better than 1~ 

using high energy ion beam analysis. On the other hand the 

absdolute thicknesses precision were - 5%. 

X 



CHAPTER 1 

INTRODUCTION , 

Artificial Metallic Superlattices (AMS) have received a 

great attention the last few years. We will discuss in this 

chapter a brief history of AMS, mention few AMS made for 

superconductivity studies, and others for magnetic studies, 

and some for both studies. Finally, we will outline the 

next chapters. 

Primarily motivated by advances in thin film deposition 

techniques, the first reported artificial superlattices were 

designed to diffract electromagnetic radiation. Dumond and 

Youtz [1-2] made a copper-gold superlattice on pure copper 

as the initial substrate. These samples were intended to 

replace ruled gratings for the calibration of soft X-ray 

wavelengths. Satellite peaks were observed in the X-ray 

spectra (9-29 Bragg diffraction) due to the superlattice 

structure of the film. From their X-ray data, it is 

possible to tell that the structure of these films was 

polycrystalline with poor orientation and small grain size. 

They used an evaporation system for their deposition. Other 

groups have investigated artificial superlattices with the 

1 
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motivation to make polarizers and monochromators for 

neutrons. In the recent few years a large number of new AMS 

have been reported. We will categorize them as 

Superconducting AMS, and Magnetic AMS. We are fully "aware 

that some AMS are used for other studies which are not 

mentioned here, for instance optical studies. But, our 

interest is related to the categories mentioned above in 

this thesis. 

Nb/Cu superlattice has been intensively studied by 

several groups [3], especially its superconductive and 

electrical transport properties. As far as we know, it has 

been made only by sputtering deposition techniques. For 

these two elements, sharp interfaces are expected since they 

are not mutually soluble. Nb/Al superlattices have also 

been successfully grown by sputtering deposition techniques 

[4]. It has been reported that the interdiffusion at the 

interface in this material is due to the contraction of the 

niobium in the plane of the film and the expansion of the 

alumunium caused by the relative differences in the lattice 

constants. The modulation of composition is approximated 

with a trapezoidal profile with the interfacial region about 

11 A thick. 

For Nb/Ti [6] and Nb/Zr [5] the coherence is obtained 

for the BCC-BCC phase only for the Nb/Zr. Another 

combination of Ag and Ti is reported in the FCC-HCP 

structure [7]. Ag/Au has been grown as FCC-FCC modulation 



(8]. The mismatch was reported to be 0.2% and high quality 

superlattices have been grown on mica and silver single 

crystal surfaces. 
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Nb/Ta has been grown as BCC-BCC structure [9-lOl. The 

lattice mismatch is less than 0.2%. For these two elements 

high quality multilayer crystalline films have been grown on 

heated substrates using Molecular Beam Epitaxy (MBE) growth 

chamber with electron beam sources as well as by 

sputtering. For substrates of 700 - 900°C, good epitaxy 

single crystal were reported. The best films grown are with 

the orientation (110) on a (1120) sapphire substrate, with 

x-ray rocking curves are less than 0.1°· Pb has been 

periodically layered with other materials to form AMS [27] .. 

Ge a semiconductor was combined with a superconductor metal 

Al [28], or Nb [11], or Pb [12], or Mn [13] to form a 

superconductor multilayer. 

Cu/Ni has been heavily studied because of its 

interesting magnetic and elastic properties (14]. 

Transmission electron microscopy studies showed that the 

films grow with [111] texture and that the [110] or [110] 

direction of the film are parallel to [010] of mica, which 

is used as the substrate. The composition modulation is 

asymmetric because of interdiffusion occurring faster in the 

copper-rich regions. The copper variation is from 9% to 

74%. Pd/Ni showed the same structural characterization as 

Cu/Ni but with less interdiffusion [19]. 
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Fe/Mg [20], deposited on cold mylar substrate with no 

preferred orientation, showed square-wave-like modulation in 

the [110] direction perpendicular to the substrate. Fe/V 

has been grown in the [110] direction with a good 

structurally quality [21]. A lot of magnetic [22] and 

superconducting [24] experiments have done on this AMS. 

Fe/Sb has been prepared by the evaporation technique on 

mylar and glass substrates cooled to -50°C [23]. 

Co/Pd has been prepared using rf sputtering on a water 

cooled glass substrates [25]. They showed a preferred 

orientation in the [111] direction perpendiclar to the plane 

of the substrate. Co/Mn has been reported to have a good 

structural coherency in the growth direction [26]. 

Currently, the deposition techniques used to make the 

AMS are evaporation and sputtering. Both techniques have 

advantages and also disadvantages. It has been long known 

that for a single layer film, the temperature of the 

substrate played a big role [29]. For the evaporation, it 

is much higher than the sputtering. The rate of deposition 

for sputtering is higher than the one for evaporation. 

Since this thesis is concerned with metallic 

superlattices produced by sputtering, in chapter 2 we will 

concentrate our discussion on this technique. Factors which 

affect the quality of AMS include the crystalline nature and 

orientation of the substrate, its location with respect to 

the gun, its temperature and the pressure inside the 
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deposition chamber. Several major points to worry about 

during the deposition are the rate and the contamination of 

the sample. In this work, we will describe our sputtering 

system and our technical solutions to overcome these 

problems. Three major factors affecting the epitaxy are the 

temperature of the substrate, the interaction of sputtered 

atoms with the substrate. In chapter 2 we present a 

calculation of the deposition profile of the atoms on the 

substrate using cosine-square approximation. We compare 

this calculation with experimental results. 

There are different techniques to characterize metallic 

superlattices. The most widely used are Low Energy Electron 

Diffraction (LEED), High Energy Electron Diffraction (HEED), 

X-ray diffraction and Rutherford Backscattering Spectroscopy 

(RBS). Most of our work here will emphasize the various 

X-ray diffraction techniques (chapter 3) and RBS in (chapter 

4) . 

The theoretical modelling of the scattering of X-ray 

by multilayer was first started" by Daniel and Lipson [9]. 

Didier De Fontaine [10] developed a model using computer 

analog to treat different cases of multilayers. Models were 

developed for the study of the composition profile of the 

modulated films. Interfacial properties have been inferred 

from the X-ray intensity diffraction of 0-28 Bragg 

diffraction. The diffusion between the layers will be 

discussed in this thesis for our superlattices using 
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Guinier's model. Computer programs have been developed to 

resolve the diffracted peaks and to deconvolute each peak 

from the instrumental errors. The grain size is measured 

using Scherrer's equation. Small angle scattering is" 

measured for different superlattices using 0-28 Bragg 

diffraction. We used the wide film Debye-Scherrer camera to 

study qualitatively our AMS. We found that this technique 

is very interesting for thin films. A lot of information 

about the structure of the metallic superlattices can be 

learned with this technique. 

Laue diffraction, both transmission and back 

diffraction is used to determine the orientation of the AMS. 

A comparison of the wide film Debye-Scherrer and Laue 

results will be given. The removal of films from the 

substrates is important for using transmission electron 

microscopy and Laue techniques. A technique for removing 

thin films from the substrate is discussed for some 

superlattices. 

In chapter 4 we will discuss RBS technique and show the 

information which can be learned from this method. We will 

put emphasis on the accuracy of the data analysis. Our 

choice to use RBS is based on the fact that It is a 

non-destructive method to determine the chemical composition 

of our samples. On the other hand, ion milling is another 

method, but it is destructive. 

Finally in chapter 5 we will give a general summary of 
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our results and we will conclude. The motivation behind 

this thesis is to have the structure of our metallic 

superlattices well defined by all the techniques combined 

and no other technique alone is adequate. The knowledge of 

the specimen characteristics is important as it allows the 

experimentalists to do further experiments and the 

theoretician to develop models. 

The superlattices which we are going to investigate are 

Ta/Mo, Fe/Mo, and Fe/W. These superlattices have been 

characterized for the first time in our laboratories. 



CHAPTER 2 

DEPOSITION OF METALLIC SUPERLATTICES 

2.1 Physics of Sputtering 

The bombardment of a solid surface by energetic ions 

will give rise to inelastic and elastic scattering. The 

dominant effect will be dependant on the energy and mass of 

the incident beam, the angle of incidence, the masses of the 

target atoms [30]. In an inelastic scattering we 

distinguish photons, x-rays, and secondary electrons. For 

elastic scattering, we have the reflected particles and the 

sputtered particles. The threshold ion energy for the 

sputtering of most metals is of the order of 20 to 40 eV 

[31], which is also high enough to cause displacement of 

lattice atoms within the target. The sputtered atoms have a 

higher initial kinetic energy than the evaporated atoms 

[32]. This gives the sputtering certain properties very 

suitable to use than thermal evaporation. An example of 

that is the average ejection energy of Ge atoms under 1.2 

keV Ar+ bombardment is approximately 15 eV compared to only 

~0. 1 eV for evaporated Ge atoms [29]. 

3 
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Substrate Healer assembly 

^Substrate Table 

•- Micrometer adjustable 
variable orifice *d*t 

\ Residual Gas 
I *—|—' analyzer 

Shaft Eneodi 
Mass flow Controllers 

Power Supplies 

Microprocessor 
Rale monitor/ 

feedback controller 

! &«* 
Ciot*4* 

XMtar < 

Figure 1. Schematic diagram of the deposition system. 

The guns are magnetically enhanced, the chimneys 
around the sputtering targets are not shown for 
clarity. 

4 
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2.2 Deposition System 

The deposition system we used in this work, was 

designed to make metallic multilayers and superlattices 

(33]. It uses three DC magnetically-confined plasma _s·putter 

guns for layer deposition. A diagram of the system is shown 

in Figure 1. The pressure inside the chamber is less than 

7xlo-a torr before sputtering, and is of order of 3-5xl0- 3 

torr during sputtering. Active feedback control of the 

sputter guns power supplies was done by using a 

microprocessor based system which monitored both the current 

and the voltage, and also regulates the product of them to 

0.3%. Thus the sputtering rates were controlled to better 

than ±0.3%. The sequence rotation and timing of the 

deposition of each layer was also controlled by a 

microprocessor. The pressure and the flow rate of argon gas 

can be kept constant to approximately 0.2%. The targets 

used are pure metals, typically 3N TO 5N. 

2.3 Impurities and Cleaning Procedure 

C. M. Falco (34] showed that·for the sputtering system 

the percentage of impurities is given by: 

( 2. 1) 

FMSS=Figures of Merit for Sputtered Superlattices 

Psputt=Pressure of the sputtering 

at~ak=the effective leak rate of the impurities into the 
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sputtering system 

QAr=the Argon gas flow rate 

This relation shows that to produce films with a little 

contamination we should use high rates of sputtering, 

combined with low pressures, and a low leak flow, i.e. a low 

partial pressure of impurities. 

The cleaning procedure for the substrates has a strong 

effect on the adhesion of the deposited films [35]. 

Unfortunately, quantitative measurements of the adhesion of 

the films is not easily made, and has not been attempted 

here. One popular way of measuring the adhesion 

qualitatively is the "tape test". 3M Scotch brand #810 tape 

is widely used for this purpose. A piece of this tape is 

applied on the top of the deposited film then by firmly 

pressing to ensure a good contact. The tape is then pulled 

off firmly and quickly. If a deposition passes the tape 

test, i.e. is not removed by this procedure, the adhesion is 

considered to be satisfactory to a certain extend. The 

cleaning procedure depends strongly on the nature of the 

substrates (glass, Si, rocksalt, etc.) and the material to 

be deposited. As far as we know, plasma etching is 

considered more practical and efficient than the other 

methods [36]. Unfortunately, sputtering the surface of the 

substrate may contaminate the inside of the chamber, disrupt 

the atomic structure of a single crystal substrate, as well 

as leave a very thin coating of contaminants on some 
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substrates. 

The cleaning procedure, used for the work reported 

here is given below. Due to stresses developed in the films 

during deposition we found that for films thicker than few 

micrometers, the film often peeled off. 

Cleaning Procedure 

1. Alconox(R) Soap and De-Ionized (DI) water in ultrasonic 

cleaner for 10 minutes. 

2. Rinse in running DI water for 5 minutes. 

3. Suspension for 5 minutes in the vapor above boiling 

Chloro-etylene. 

4. Rinse in running DI water for 10 minutes. 

5. Suspension in Methanol vapor till completely dry without 

residue. 

2.4 Calculation of the Deposition Profile 

Fig. 2 shows the geometry for the system under 

consideration. In our calculations we consider only the 

case where the plane of the substrate is parallel to the 

plane of the target. Results for the more general case of a 

substrate "tilted" at arbitrary angle could easily be 

obtained following the procedures developed here. Referring 

to Fig. 2, the center of the rotating substrate is at a 

radius C from the center of the substrate table. The actual 

paths of atoms traveling from the target to substrate follow 

a distribution which depends on many variables (sputtering 
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Figure 2. Geometrical arrangement inside the chamber. 

The substrate plane is at a distance D above the 

plane of the target source. 
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gas, crystallinety of the target, sputtering pressure, etc.) 

[30]. However, for the purposes of the results reported 

here we make the simplifying assumption that the atoms 

sputtered follow a linear path from the target to the 

substrate, and therefore that their emission is 

characterized by Knudsen's cosine law [37]. This assumption 

is not strictly valid, and we feel it is largely responsible 

for the deviations found between our calculations and 

experimental results. We also assume that the sticking 

coefficient is unity, which should be a very good 

approximation for metals [38]. 

For the case of a stationary substrate above the 

target, i.e. * = 0, the total thickness T is given by the 

superposition principle. For a point Po on the substrate, . 

T(Po)=tG(Po)R(0a') (2.2) 

where R ( O 2 ' )  is the rate of arriving atoms per unit time 

from the target, G(Po) is the profile of the emission from 

the same target, and t is the total time of deposition. For 

a disk target the emission profile is given by [38]: 

d2 n2_ 2 

G ( Po ) = \ [ 2"~2"2"T72+1 ]  (  2 * 3 5 
^ ((R +D +p ) -4H p ) 

where R is the radius of the target, p is the distance from 

the center of the substrate to the considered point, and D 

is the distance between the substrate table and the target 

p1ane. 

We now consider the case where the substrata table is 



15 

rotating at angular velocity u around the axis 0x02. We can 

write 

p2 =P2 +c2-2 PC cos ($) ( 2 . 4 )  

where P  is the distance from the center of the table-to the 

considered point Po and C is the distance between the two 

axes 0x02 and O'xO '2.  With a change of variables this leads 

to 

G(P,*)=| { 1+ 

2 2 2 2 
5_l5_lP_lC_+2PCcos* , 

[(R2+D2+P2+C2)2+4P2C2cos2*-4(D2+P2+C2-R2)PCcos*-4(P2+C2)R2]*5 

(2.5) 

The only variable in Eq. (4) which changes when the 

substrate table is rotating is so the total profile can 

be found by summing over all the angles described by the 

point Po. Thus the profile for a rotating substrate is 

given by: 

Gr(P)=J^2G(P,$) d$ . (2.6) 

where #x and *2 are the initial and final angles 

respectively. Eq. (5) cannot be integrated analytically, 

however it can be evaluated numerically using standard 

algorithms. The total thickness is given by 

T >'Po )=NGr ( P ) t R !' 02 ' ) 
r 

( 2 . 7 )  
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Figure 3. Calculated deposition profile. 

Normalized to unity for different distances D, (a) 
D = 7.62 cm, (b) D = 12.70 cm, (c) D = 17.78 cm. 

The value x = 0 is taken at the point O2 directly 

above the center of the target. 
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Outside 

Substrate 

Figure 4. Calculated three dimensional profile. 

This is not drawn to scale. Outside means away 
from the center of rotation and the inside is 
close to it. Notice, that the inside concave and 
the outside is convex. 
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where N is a normalization constant. 

We find from our numerical evaluation of Eq.(6) that 

the profile depends strongly on the distance D between the 

target and substrate planes. Fig. 3 shows this effeGt. 

Where we filso can see that the point of maximum thickness is 

determined by the value of D; for larger D the position of 

the thickest point on the O2X axis becomes smaller. For a 

stationary substrate above the sputtering source 02X'=0z0z 

We know that all the points on an arc of radius O 2 P 0  

will have the same profile. However, in typical deposition 

systems the substrates are placed along a line tangent to 

the rotation rather than along an arc. Also, for 

convenience in later determinations of physical properties 

it is often desirable to make measurements along some linear 

(rather than arc) section of the sample. For this reason it 

is interesting to solve for the profiles of the points 

situated on straight lines perpendicular to O2P0. In this 

case we have 

2 2 2 

°2X=""Ic"~- (2'8) 

where O2X is the distance between the center of the table 

and the tangent line. Thus we can calculate the profile in 

three dimensions. It is shown schematically in Figure 4. 

Experiment 
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The films studied were deposited by dc sputtering. The 

same deposition system used was described in section 2.2-

During the depositions, cylindrical chimneys of height D and 

radius H were placed over the sputtering guns to confine the 

beams. This has the effect of altering the limits of 

integration on Eq. (2.6). The upper limit of the integral 

is given by 

2 2 2 
. -1, C +P —H . fo Qs 
$2 = cos ( 2PC ) (2.9) 

and as the initial angle we set 4>i=0. Sapphire substrates 

where placed along the direction OzOz', symmetric to the 

center 02*, during the depositions used for this set of 

measurements. a11 sputtering parameters were regulated, so 

that all the conditions in the theory were held constant to 

within ±1%. 

Fig. 5 shows measured Rutherford Backscattering 

Spectroscopy (RBS) results for three different film 

thicknesses. The mean energy approximation was used to 

calculate the areal densities to ±5% from measurements such 

as those shown in Fig. 5. The areal density is directly 

proportional to film thickness, so that these measurements 

show variations in the film thicknesses. 

These results are shown in Fig. 6, along with a 

comparison with the calculated thickness profile. As stated 

earlier, the observed deviations between theory and 
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Figure 5. RBS data from three samples. 

(a) 02'X = -7.40 cm, (b) O2'X = -1.40 cm, (c) 
Oz 'X = 7.40 cm. The incident ion beam was at 

1800 keV. 



experiment are due to departures from the cosine squared 

distribution used in our calculations. 
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It should be noted that tabulated atomic densities 

could be used to convert v~lues of areal densities in 'Fig. 5 

to thicknesses. However, in the absence of additional 

information about the microstructure of the samples this 

would introduce a large (perhaps 5%) uncertainty in the 

absolute thicknesses, although it would not affect the 

relative uncertainties between different points on a sample. 

This is due to uncertainties in the actual density of thin 

film materials as compared to tabulated bulk densities. 

Although the lattice constants of these films measured by x

ray diffraction are within 1% of bulk, such measurements 

cannot eliminate the possibility of micro-voids or Ar gas 

inclusion. However, it should be emphasized that the 

relative precision of areal density measurements for 

comparing the film thicknesses at different points on a 

sample is not affected by these possible uncertainties in 

the absolute thickness. It is-these relative values which 

are compared to calculations in.Fig. 6. 

2.6 Discussion and conclusion 

We have shown that variations of 10%/cm in the 

thickness profile of samples placed at different points in a 

sputtering system are easily possible. As shown by Figs. 3 

and 6 the exact value of this variation depends upon the 
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Figure 6. Experimental and theoretical results. 
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location of the sample, target to substrate distance, 

chimney configuration, etc. 

The spatial dependence given by Eq. (2-7) can be taken 

advantage of to produce superlattice samples for various 

purposes. Depending upon the sample size required for a 

given physical measurement (e.g. determination of 

resistivities or critical current densities, where samples 

of width less than 1 mm are needed), the spatial dependance 

of the sputtering rate makes it possible to fabricate 

simultaneously a large number of different samples, each 

with superlattice wavelength which depends on the position 

of the substrate on the rotating table. In this way small 

superlattice-induced effects can be studied, which could 

otherwise easily be masked by the normal run-to-run 

variations of nominally "identical" sputtering conditions. 

Thus, it is possible, during one run under one set of 

deposition conditions, to make simultaneously a very large 

number of samples differing only slightly in superlattice 

wavelength, in order to look for small variations in some 

physical property. On the other hand, for experiments where 

variations are undesirable, knowing the spatial profile 

given by Eq. (2.6) permits substrates to be placed in the 

appropriate positions to have identical properties. 

Reported elsewhere are the results of additional 

techniques, optical interferometry and x-ray diffraction, 

used to compare the measured deposition profiles with those 
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calculated [40]. Good agreement between the three 

techniques was found, although there are some advantages and 

disadvantages to each technique which can be noted. The 

optical interferometry method is based on reflection-of 

light by the substrate and the film [41]. Low reflectivity 

substrates, such as sapphire and glass, increase 

experimental uncertainties. Also, substrate roughness 

introduces errors in the shape profile. Since this 

technique is based on measuring small fractions of an 

interference fringe of visible wavelength light, the 

precision is poor for measurements on films less than 1000 

A. The x-ray superlattice analysis relies on having a 

coherent modulation wavelength of two materials [42], so is 

only possible to apply with those materials which grow as a 

superlattice. On the other hand, the total deposited film 

thickness could be affected by possible small variations in 

the sticking coefficients and the epitaxy since there are 

three types of contact surfaces in these samples: 

substrate/A, A/B, and B/A. [40] In RBS the major problem 

which increases experimental uncertainties is the 

superimposition of the signal from the substrate with that 

from the film [44]. To eliminate or minimize this problem, a 

low atomic weight substrate must be used. This may not be 

possible in many cases due to requirements for superlattice 

growth or epitaxy. It should be noted that quartz crystal 

licrobalances are unsuitable for precision film thickness. 
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determinations of the type reported here, due to 

uncertainties of absolute calibration, variations in 

sticking coefficients, the accumulation of layers on the 

accuracy of quartz thin-film thickness, etc [45]. 

In summary, calibration of the spatial dependance of 

the thickness in sputtered metallic superlattices can be 

made knowing only the rate at one point on the sample. The 

rate can be measured from thickness-time calibrations using 

an appropriate technique such as RBS, optical 

interferometry, or x-ray superlattice lines (for materials 

with coherent growth). Although it hasn't been discussed 

here, it is also possible to use these results to design 

appropriate chimneys to alter the spatial distribution in 

the desired way. 



CHAPTER 3 

STRUCTURAL DETERMINATION BY X-RAY DIFFRACTION 

3.1 Theoretical background 

X-ray diffraction is a highly sensitive, 

nondestructive method for determining the structure of the 

metallic superlattices. Structural characterization along 

the growth direction ca*n be studied by a standard 8-20 

-diffractometer, and along other directions by means of other 

diffractometers. 

The problem of modeling x-ray diffraction from a 

multilayered sample was first approached by Daniel and 

Lipson. The intensity of diffracted beam from one 

dimentional altered metals A and B with a specific texture 

is given by [46]: 

1 ( 1  \ - ^ r*2 rsinOjlnada/do2i 2 ~2 r §inj(;nlnbdb/do), 2 
' ~ sin (7rln) a sin (nlda/do) b^ sin(7rldb/do) 

+ 2f f, cos 
a b 

. . . rsinijjlnada/do2i r sin^rrlnbdb/do),, 
C7TlnU sin( nlda/do) JL sin (Trldb7do)~J ' 

(3.1) 

2 5  
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na=number of layers of A; da=spacing of A 

nb-number of layers of B; db=spacing of B 

n=na+nb; ndo =na da +nb db 

The wave vector q=27tl/d is where the diffractions occur. 

Eq.(3.1) is -for an idealized model, Where there are sharp 

interfaces and no interdiffusion between the layers. In 

general, interdiffusion does occur so the chemical 

modulation deviates from the above ideal square wave model. 

In the limiting case where the variation of the atomic 

scattering power and interspacing amplitudes is small the 

atomic scattering power and position can be written f(l±T?) 

and d(l±c) [47-48]. The composition modulation is then 

described by a Fourier sum in the direct space 

C(z) = Co(1+ £ Qn cos(mkz)) (3.2) 

Where Co is the average concentration of the considered 

material C(z) is the concentration in the growth direction 

Qm is the amplitude of the mth harmonic of the modulation, 

k = 2rr/A is the modulation vector. 

The lattice spacing is approximated by: 

dn = d (1+e Z Qo cos(mkz)) 

(3.3) 
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The ratio of the integrated intensities under the satellite 

peaks is given by: 

a2 

_I±- =F
2 S_(2l£3i- - „ ) (34) * ±  4  1  n k  +  v ±  }  K * ' * )  I 

The solution of equation 3.4 with the appropriate choice of 

roots [49] is given by: 

F q + F q 
, _+_+, 

•q~nr~~q_n~> 
Q = 2 (-----I-----) (3.5) 

b» q. v  + < i  v .  

C=~2^F~q + F, q] ^ (3.6) 

The phase of Qn is not measured experimentally, only !Qm ! is 

measured. 

It has been found that the linear Fick's second law of 

diffusion does not hold for multilayers. R. M. Fleming et 

al (1980) [48] found that the composition modulation is 

diffusion coefficient dependant in second Fick's law. 

3.2 8-29 Bragg Diffraction 

Two diffTactometers have been used for our measurements, 

manufactured by Siemens and by Philipps Corporations. The 
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Figure 7. 0-29 x-ray diffraction from Ta/Mo superlattice. 

The arrows indicate the positions of the expected 
x-ray diffraction for bulk Ta and Mo in the [110] 

direction using Ka radiation. 
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Figure 8. Fe/Mo superlattice with A = 40 A. 

The peaks are broader than the ones shown in the 
previous figure. 
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first one is able for independent 0 and 26 motions which 

enabled certain additional measurements to be made as 

described below. The samples analyzed are Ta/Mo, Fe/W, and 

Fe/Mo superlattices, which were deposited on substrates at 

room temperature using same sputtering machine discussed in 

the previous chapter. The substrates used were single 

crystal sapphire with the c axis in the plane of the 

substrate. 

In the Fe/W data, we can see the change of the 

positions and the intensities of the peaks by changing the 

number of the layers and also the stoichiometry. These 

results are expected theoretically Eq. 3.1. The modulation 

wavelength is given by the relation [3]: 

A = 27SIne7-~sIne~~~) (3-7) 

This relation can be obtained by finding the extremum 

for the first bracket in eq. 3.1. The wave vector q is 

related to x wavelength of the incident x-rays and the angle 

0 by the relation: 

47vsin0 
q = —s:— 

When the layers are thick the diffracted peaks will 

overlap and the uncertainty on the above relation Eq. 3.7 

will be higher. We show in Figs. 3.1, 3.2, 3.3 x-ray 

diffraction spectrum of Ta/Mo, Fe/Mo, and Fe/W 

superlattices. The things that these spectra have in common 
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are : 

- Diffraction occuring at the preferred orientation 

(110) of Ta, Mo, and W. 

- Satellite peaks around Bragg peaks at high angles 

which is the sign of one dimentional structural coherency in 

the direction of the scattering vector. 

The Full Width at Half Maximum for Ta/Mo Fig. 3.1 is 

narrower than for Fe/Mo and Fe/W Figs. 3.2 and 3.3 

respectively. This quantity is directly related to the 

grain size which we are going to show later in this chapter. 

3.3 Mosaic Spread 

The mosaic spread is caused by the non-uniformity of 

the dislocation density in our AMS. The experimental 

arrangement used to determine the mosaic spread with a 

diffractometer is done by fixing the incident angle and 

scanning around that angle ("Rocking curves"). For highly 

perfect single crystal materials a double crystal 

diffractometer is required to obtain the rocking curves, but 

for the metallic superlattices the rocking curves are 

sufficiently broad that an ordinary diffractometer could be 

used [54]. Figure (3.4) shows the mosaic spread around 0 = 

18° for the Ta/Mo Superlattice. A quantitative value for the 

mosaic spread of the same sample is given by the analysis of 

the data taken with the wide film Debye-sherrer camera. 
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gure 10. 18°-29 x-ray diffraction of Ta/Mo 
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This camera was found very useful in the structure 

characterization of thin films. The camera and the results 

will be discussed later in the text in detail. 

3.4 Chemical Modulation Profile 

We analyzed in detail the x-ray data for the Ta/Mo 

superlattice at wavelength A = 7OA. The magnitude of Qm 

are computed using the relation (3.5). The sign of Qm is 
s 

determined by comparison with square wave Fourier expansion 

since Mo and Ta are not soluble at room temperature [50]. 

The values of the form factors are taken from the tables 

[51]. So the chemical concentration modulation (3.8) is 

equal to 

C(z)=C (1-1.2374 cos(kz) + 0.7763 cos(2kz) 

- 0.4021 cos(3kz) + 0.193 cos(4kz) ) (3.8) 

Figure (3.6) shows a plot of the concentration versus the 

distance perpendicular to the plane of the films. The fine 

structure in the curve "riples"*are artificial effects 

because of the finite number of the Fourier components. 

This analysis of the data indicates that interdiffusion of 

the two elements is at the most less than 2 atomic layers at 

the interfaces. However the theoretical model fitted to the 

data might not be very suitable for our case since we 

assumed that the scattering factor is slowly varying across 
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Figure 11. Chemical composition profile for a Ta/Mo AMS. 

See text for more explanations. 
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the superlattice. 

It is very important to determine the interdiffusion of 

the layers for a superlattice structure since the interface 

effect plays an important role in the transport and 

magnetic properties of this new class of materials. It is 

of interest to measure the interdiffusion using another 

technique independent of the x-rays so the results given 

above can be checked. 

3.5 8+<p-28 Bragg Diffraction. 

Using a standard diffractometer for x-ray diffraction 

from planes which are not parallel to the substrate plane 

the sample should be rotated with an angle <p [55]: 

^1^2^_^1^2+_h^2 . . 
C O S ( p ~ ~  r  / 1 , 2  ,2, , 2. /x,2 ,2, T2^1/2 

[(h1+ k^+ l^Ch^ k2+ l2)j 

h, k, 1 are Miller indices for cubic structure. Because of 

the geometry of the dif fractom'eter and having CuKa 

radiation, only (211) plane can be detected in reflection. 

The data is shown in figure 3.5 for the Ta/Mo superlattice . 

A fitting method for x-ray diffraction spectrum is required 

in determining the grain size, microstrains, faults, etc 

...[52]. To apply this technique, the profile must be pure 

without any overlap or convoluted instrumental errors. A 

least square fit program was used to fit our experimental 
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Figure 12. Diffraction from (211) Ta/Mo planes. 
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data. This program can fit with Lorentzian or Guassian 

profiles. In this program, the halfwidths of the peaks can 

be held fixed, since the grain size is related to the 

halfwidth by the Scherrer equation. The input fixed 

parameters are the positions of the peaks, the intensities 

of the peaks and the halfwidths. The raw data in this work 

is digitized from the analog output (X-ray spectrum). Work 

is underway to take data with the personal computer directly 

and to analyze it with the same computer. So far, the data 

is digitized manually. 

3.6 Grain Size. 

To determine the grain size of the sample, one has to 

get rid of the instrumental errors which are convoluted with 

the measured profile. A computer program based on the 

convolution theorem using Fourier transform is used for this 

purpose. The discussion on this program is given in 

Appendix A. From the halfwidth of the convoluted profile, 

we measured the grain size 

B = (3.10) 
FWHM 0 

X is the radiation wavelength. The results for the Ta/Mo 

superlattices of wavelength 70 A for two different planes 

(110) and (210) are measured. The size of the crystallites 
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Figure 13. Head camera description. 

a) After Westwood (text) camera scattering 
geometry b) incident beam fixed at 15° and the 

expected diffracted planes from a cubic 
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are of the order of 300 A for this modulation and thickness. 

3.7 Wide film Debve-Sherrer camera (Read Camera). 

The Read camera, like the Seemann-Bohlin 

diffractometer, are both glancing angle X-ray diffraction 

setup [58]. The angle of incidence is fixed. The advantage 

of using glancing angle setup 

for thin films is that the beam spend more time in the film. 

Therefore large volume is examined. W.D. Westwood gave an 

analytical form of the position of the diffracted beam in 

the plane for an unrolled film [57]: 

2  2  2  2  1 / 2  
^IH_sin®_±_cB_c25l_+ CR£R_+_H_2_ _cos0]^ 

x - - - ~ 2 2 ~ ~ 
2[ET+ C R ] 

y = x tan0 -
' 2cos0 

z = H (xcos6 + ysin0) (3.11) 

C = sin(0+<5) 

where 0 is the incident angle, (x,y,z) is the spot 

coordinates due to the diffraction from the plane (hkl). 

The substrate is in the y-z plane. R is the radius of the 

camera, and X. is the wavelength of the incident x-ray. 

The full description of the camera is given in the M.H. 

Read and D.H. Hansler (1972) paper [56]. The camera has been 

found very useful for the study of the deposited tantalum 
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Figure 15. Read camera picture of Fe / W AMS A = 56 A. 

This picture shows less preferred 
orientation as Ta / Mo shown before. The 

angle of incidence was at w = 15 ° . 

42 
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Table 1. Observed diffracted radiation for Ta/Mo A = 70 A. 

w (degress) 2 © (degress) v (degrees) PUSES OBScHVED 

43 63 ± 1 (30 i 10) {211}' 

73 i 1 -<30 ± 10) 

55 ± 1 -(45 ± 5) {200} 

53 i 1 -(45 ± 5) • 

15 33 ± 2 (0 ± 10) {110} 

38 i 2 (60 ± 5) 

38 s 1 -(60 ± 5) 

51 i 1 -(40 i 10) {200} 

55 s 1 -(40 ± 10) 

51 ±4 (50 ± 10) 

63 ± 2 (25 ± 10) {211} 

72 i 2 -(25 ± 10) 
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films by triode sputtering. W.D. Westwood [57] and other 

groups looked at the different phases of tantalum formed 

during sputtering in the presence of oxygen. A good 

comparison between Seemann-Bohlin diffractometer, Read 

camera and Rutherford backscattering spectroscopy is given 

by R. Feder and B.S. Berry (1970) [59] 

The Read camera data shows quantitatively the mosaic 

spread which is 7 0 for the Ta/Mo superlattice (Figure 3.8). 

The other useful information is the orientation of the 

superlattices. Ta/Mo, Fe/Mo and Fe/W show that they have 

preferred orientations. 

The different planes for the Ta/Mo superlattice have 

been detected. To optimize the exposure time and the 

resolution of the x-ray film we varied the incident angle. 

For the Ta/Mo the results are summarized in table 1. 

3.8 Laue Diffraction Technique 

This technique is widely used for the determination of 

the orientation of the crystalline structure [54]. Laue 

transmission set up is used for"our case rather than back 

reflection. The exposure time in Laue transmission is 

shorter than the one in back-reflection for thin films. For 

example, it takes more than 10 hours exposure time for 3000A 

thick sample in back-reflection. On the other hand, it only 

takes 2 hours in transmission for the same sample. 

From the Bragg relation, the smaller the radiation 
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Figure 16. Laue transmission of Ta / Mo on different 
substrates. 
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wavelength, the smaller the Bragg angle for planes of a 

given spacing. Decreasing the wavelength will therefore 

shift every diffraction line to lower Bragg angles and 

increase the total number of lines on the film, while 

increasing the wavelength will give the opposite effect. Mo 

Kai,2 was used to satisfy the first case. Figure 3.14 shows 

a Laue diffraction of Ta/Mo grown on two different 

substrates, sapphire and mica single crystals. The rings 

show that the samples are polycrystalline. The incident 

beam had a section of 1 mm2 where the films were about 4000 

A thick. So the volume seen by the x-ray is much smaller 

than the glancing angle scattering. 

Attempts were made to remove the films from the 

substrates. It turned out that the following technique was 

successful for the Ta/Mo superlattice [60-61]. The 

substrate with the film on it was first bathed in 10% 

hydrolic acid for one minute. It was then washed in a 

distilled water bath for another minute. The process was 

repeated until the film was removed. On the average, it 

took about five cycles to remove a film of approximately 1 

micron thick. This technique might damage some of the 

properties of the film. More investigation might be useful 

to evaluate this technique. It is very important to have 

self-supported films if one wants to look for the 

orientation of small grain size superlattices using the 

transmission electron microscope. In Figure 3.11, we show 
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the data for Ta/Mo self-supported superlattice. The rings 

are due to the polycrystallinity of the film. This result 

proves that this technique did not damage the texture of the 

film. 

From the Read camera data, we learned that the grains 

have preferred orientation and we know from Bragg 9-20 

diffraction that the size of the grains is of the order of 

300 A. The interpretation of Laue diffraction data is 

believed caused by two things: 

1- The cross section size of the incident beam is 

bigger 

than the one used for the Read camera. Which explains the 

mosaic spread is larger for a bigger area and therefore we 

are getting rings. 

2- The first few layers grown in the superlattice have 

no preferred orientation and the top ones have one. In the 

Read camera case, the incident beam is at glancing angle so 

it will be attenuated when it reaches the first layers. The 

diffracted intensity is mostly from the top layers. In the 

normal incidence or Laue geometfy the attenuation of the 

incident beam is minimum so the diffracted intensity from 

the first layers is strong which can be detected by the 

x-ray film. 



a) 

b) 

Figure 17. Laue transmission of self supported Ta/Mo. 

The distance fr8m sample to camera was a)5.5 em 
b ) 3 em 
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3.9 X-ray reflection at small angles from superlattices 

Different models have been suggested to explain the 

reflection of x-rays at small angles [62]. The basic idea 

is to vary the index of reflection periodically. 

The Bragg relation is 

nX=2d^ 2sin0B , dj ^- d^+ d2 (3.12) 

This relation (3.12) was first corrected by Parret (1954) 

[63] where 

nx = 2d1(nJ- cos20)1/2+ 2d2(n2- cos20)1/2 (3.13) 

Where the indices 1,2 mean the two different materials 

forming the superlattice ni, m are the reflection indices 

for both materials, and di , da are the layer thicknesses for 

each material. 

The theoretical computation for our samples is done 

with a computer program based on the calculations of B. 

Vidal and P. Vincent (1984) [64] in the case where the 

roughness of the interfaces was not included in the theory. 

This model uses a very simple classical matrix thin film 

method. The data for Ta/Mo superlattice of a wavelength of 

68 A is shown in figure 3.12. 

The low angle scattering measurement was taken on a 

Siemens diffractometer which is available commercially from 

Siemens Company (West Germany). The facility is available 
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Figure 18. Calculated Reflectivity of Ta/Mo at low angles. 
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Figure 19. Experimental grazing angle x-ray scattering. 



at the University of Arizona. The experimental data is 

intensity versus 29 where in the theoretical data is 

reflectance versus 0 Where 0 is the angle of incidence. 

In comparison with the theoretical results, the ratio 

of the peak intensities agree for the first two peaks", but 

the third peak does not fit with the theoretical value. 

However the position of the peaks is the same as predicted 

by the theory. This simple theoretical model had predicted 

the right positions of the peaks but a disagreement in the 

intensity of the third peak. More realistic model might 

have an answer for the disagreement. The realistic model 

should include the interdiffusion and the roughness of the 

interfaces [65-66]. 



CHAPTER 4 

RUTHERFORD BACKSCATTERING SPECTROSCOPY 

4.1 Introduction 

The technique of Rutherford Backscattering is simple in 

principle for the analysis of the solids. A monoenergetic 

beam of particles (4He+ in our case) usually between 1 and 6 

MeV impinges on the sample to be studied. The projectile 

will be gradually stopped. Certain ions enter collisions 

with the nuclei of single atoms, which produce a large 

change in the ions energy and the direction. A number of the 

ions will be scattered backwards by the atoms of the target 

and escape from the target. The back-scattered ions will be 

detected at certain angle © (angle between the incident 

beam and the backscattered beam). This information will 

tell us about the stoichiometry, the thickness, the 

impurities of the target. 

In 1913, Geiger and Marsden [67] were the first to use 

this technique to study the binary collision mechanisms 

described by Rutherford in 1911 [68]. Nuclear physicists 

use this technique forty years ago to detect the impurities 

5 3  
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in their targets. The first survey of the possibilities of 

nuclear methods for chemical analysis of impurities in 

metals was published in 1957 [69]. One of the application 

of this technique is the compositional analysis of the 

surface of the moon using alpha-particles emitted by 

radioactive element backscattered by the soil. HBS and 

nuclear reactions have been used the last five years for the 

microanalysis of the silicon structure [50] . It has been 

used for surface studies (trace impurities, adsorption) also 

for the implantation (range, disorder, lattice location) and 

for bulk and diffused materials (profiles, lattice location) 

[70-73]. 

One of the limitations of RBS is the detection of light 

elements (low Z atomic number). This is why it is more 

advantageous to deposit the films on substrates with low 

atomic number. Another limitation is high energy ions might 

sputter the surface atoms of the sample. 

4.2 Experimental set up 

The Van de Graff accelerator facility at the University 

of Arizona was used [75]. The diagram of the facility is 

shown in Figure 4.1. The positive ions are produced by a 

radio frequency gas ion source which is located in the light 

voltage terminal. These ions will be accelerated along an 

evacuated tube and those with the selected charge-mass ratio 

are bent by 90 degrees magnet (700 MeV-AMU) at the base of 
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Figure 20. Diagram of IBM/UA Ion Beam Analysis Facility. 
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the accelerator. The collimation of the beam is done by a 

pair of charge sensitive slits which samples the beam in 

order to stabilize the energy of the ions. These slits are 

connected to a feedback circuit which controls the terminal 

voltage. The beam can be focused later with a magnetic 

quadrupole lens. The beam current is measured by a Faraday 

cup located at the rear of the target chamber. Singly 

ionized Helium (4He+) was used for variable energies. 

The samples to be analysed are mounted on a brass 

plates. More than six samples can be run without breaking 

the vacuum. The plates where the samples are mounted have 

two degrees of freedom rotation in the horizontal plane and 

vertical motion. The beam strikes on the center of the 

sample on an area of 1 mm2. Vacuum level inside the sample . 

chamber during the irradiation is in the order of 10~s mmHg. 

The detector is a fixed 25 mm2 (Ortec BA-13-25-100), 170° 

from the beam direction, with solid angle of 0.78 msr at the 

target. The terminal voltage is known to ±5 kV, calibration 

of the charge collection efficiency is done for each run 

with Bi implanted RBS standard [75]. 

The surface of the sample is clean before earh run. The 

samples are polycrystalline in (110) direction compared to 

the size of the beam. First we define Q as the number of 

ions striking the target and the deadtime ratio (DTR) is the 

ratio of the clock time over the line time. 
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4.3 Determination of Mo thicknessss 

In this section, we show our data analysis for the 

samples used in the determination of the deposition profile 

in section 2.2. First we use Surface Energy Approximation 

[72]: 

(Nt) = (4.1) 

n Q W E )  

We take E = Eo for surface energy approximation. Then, 

CJ-(EO) can be found in tables [70]. A is the number of 

counts in a peak. To calculate the thickness with high 

precision we have to compute the energy loss in the film 

AE"0= ZMo(E )(Nt)M (4.2) 
m o Mo 

Z is the struggling cross section which is tabulated [70] . 

Then, the Mean Energy is given by: 

.-Mo 
E = E - -|i5 (4.3) 

o c 
using* the correction factor 

F = (E/Eo) 2 (4.4) 

Using MEA we obtain the thickness by looking at tables [70] 

for Nm o  with the assumption that the film density is the 

same as the bulk density. We summarize our results in table 

2, the thickness in A is obtained by dividing Nt by 6.4175 

xlO-4 for both methods. 
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Table 2. Summary of sample thicknesses using SEA and MEA. 

Sample # A B C D E F 

Nt (A/[NJ) 
SEA 1.878 2.010 2.052 1.933 1.698 1.387 

Nt (A/[N]) 
MEA 1.700 1.807 1.841 1.745 1.553 1.289 

4.4 Data analysis for superlattices 

The superlattices we analyzed are Fe/Mo and Fe/W with 

respectively 60/60 and 9/9 layers. The first check is 

recognizing the materials by the energies of the ions 

backscattered from the surface of the sample where the 

energy loss due to inelastic collisions is negligible. This 

energies are compared to tabulated energies [70]. 

Stoichiometry of the compound i and j is determined by 

taking the ratio of (4.1) 

(NtH_ Ai ai * /4 c \ 
(Nt)j- Aj crj 

To find the thickness, we proceed as the previous section 

using SEA and MEA. The accuracy of this ratio is determined 

by the counting statistics A, which is taken as (A) 1 / 2 .  We 

summarize the results in table 3. 
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Table 3. Determination of Fe/Mo and Fe/W stoichiometry. 

Sample #1 2 

Materials Fe Mo Fe W 

Nt (A/[N]) 
SEA 1.530 1.238 1.025 0.816 

Nt (A/[N]) 
MEA 1.462 1.183 0.991 0.790 

The precision on the stoichiometry is better than a percent. 

Figure 21 illustrates the experimental mass resolution using 

high energy incident beam. The mass resolution, AM is given 

by [70] 

AM ~  (AE/Eo)  (M+Mo ) 3 /4Mo (M-Mo )  

AE is the system energy approximation, M and Mo are target 

and incident atomic masses in amu, Eo is the incident 

energy. This approximation is good for angles around 180°. 

For.these spectra the A are obtained by direct integration 

of the backscattered peaks where below 2 MeV a fitting curve 

would be necessary to resolve the peaks. Using high energy 

beam makes it possible to have accurate statistics. Effects 

of background and light elements signals must be carefully 

substracted. 
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would be necessary to resolve the peaks. Using high energy 

beam makes it possible to have accurate statistics. Effects 

of background and light elements signals must be carefully 

substracted. -

With this precision, one may study the physical 

phenomena such as magnetism, and superconductivity of such 

superlattices with confidence about the structural 

stoichiometry to within ±1%. On the other hand the absolute 

thickness is known only to ±5S». Other techniques may 

measure the thickness more accurately such as 

interferometry. 



Chapter 5 

CONCLUSIONS 

Recent technological advances have made possible the growth 

of metallic superlattices by sputtering with the minimum 

impurities in the samples. The rate of sputtering can be kept 

constant to better than +-0.1*. We have found that the thickness 

of the deposited material varies with the position of the 

substrate with respect to the center of sputtering target. We 

have modeled this effect using the cosine squared distribution of 

the sputtered atoms. It has been found that the theoretical and. 

experimental results agree fairly well. The sputtering rates in 

this system can be easily varied from 3A/sec to 30A/sec. The 

rates were found to depend strongly on target applied current and 

voltage and also on the nature of the material being sputter. 

The nature of the substrates and their orientations play an 

enormous role in the determination of the orientation of the 

superlattice. The cleaning procedure of the substrates is also 

an important factor for the good quality of the films. So far, 

there is not a technique to measure the film adhesion 

quantitatively. Further research is needed in this field. For 

sapphire substrates, it is found that ultrasonic, alcohol, water 

62 
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baaed cleaning procedure works for films thicknesses of the order 

of few microns. 

Structural characterisation of the metallic superlattices 

has been done by various x-ray techniques. The diffractometry 

method (0-2®) gives quantitative results about the spacing of the 

layers. In the case of Ta/Mo the interdiffusion is less than 2 

atomic layers. The low angle scattering of the x-ray on our 

samples agree qualitatively with the theory. The grain size of 

our superllattices has been measured using X-ray diffraction. 

A goniometer used for 0-29 diffraction can detected the 

diffracted intensities only from crystal planes parallel to the 

plane of the substrate. On the other hand, it is found that 

with the Read camera diffracted radiation from a wide range of 

the reciprocal space can be detected. Using this technique we 

showed the characteristics of our samples. 

The technique of ion beam analysis (R.B.S) was found very 

useful for the study of the chemical composition of our 

superlattices, and for absolute thickness measurements. However, 

the light element impurities may not be detected because their 

signals are much lower intensity and,overlap with the substrate 

signal. The absolute thickness can be determined to within 53. 

One of the major errors limiting these absolute measurements is 

knowing of whether the thin film density is the same as with the 

bulk material density. 

The techniques used in this work are nondestructive methods 

where the films are not removed from the substrates. The 
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information given by these conplementary techniques can be 

combined to give a detailed picture of the structure of these samples. 



APPENDIX 

CRYSTALLITE SIZE 

The crystallite size is obtained by the diffracted 

line-shape. In the theory a sample with layer grain size 

and strain free crystallites give a sharp peak (measured in 

seconds of an arc). Lines of such sharpness are never 

observed due to the instrumental and physical effects. The 

problem is to extract the pure profile p(20) from the 

experimental profile e(26). Let's call the broadening 

effect due to the instrumental errors i(20). The 

convolution or the Faltung product of the two functions 

i(26) and p(28) is: 

The pure profile p(20) can be obtained by unfolding 

(deConvoluting) e(20). They are several methods used to 

deconvolute the equation above. The most widely used is 

stokes method. Sometimes called the Fourier transform 

e(20) p(20) dv 

method. 

6 5  
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We call the Fourier transform of p(29), i(28), and 

e(29) P(s), I(s), and E(s) respectively. Let's calculate 

the Fourier transform of e(20) 

E(s) = J i(<p) exp(2rrisip) d<*> J p(u) exp(27Tisu) du 

with u = 28 - <p and the i in the exponential is the complex 

number. Therefore, with E(s) = I(s) P(s) 

p(20) = J exp(-47tis) ds 

We used the Fast Fourier Transform routines discussed 

in reference [76] with slight ameliorations to determine the 

pure profile. The programs were run on an IBM PC with an 

8087 math co-processor. 
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