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Abstract

ELECTRON ENERGY LOSS SPECTRA AND AUGER SPECTRA

OF THIN FILMS ON TRANSITION METAL SUBSTRATES

by
Zhibiao Wu

Advisor: Professor J. M. Dickey

Al is an ideal metal for studying the electron energy loss spectra (EELS) since
both bulk and surface plasmons are prominent and are well explained by a nearly
free electron model. For the transitton metals, on the other hand, the situation is
complicated by d-band effects. Thin films of Al and Sn have been grown on the
transition metals Nb, Mo and Ta as substrates. The EELS measurements have
been taken during the growth and annealing of the films. For very thin films we
see a transition from the characteristic Al (Sn) spectra and the appearance of extra
structures which may be associated with the interface between the transition metal
and the films.

Several Sn films were studied to investigate the growth mechanism, thermal
stability, and possible alloy formation during the anneals A similar four-stage
annealing behaviour of Sn films on the substrates Nb and Mo was observed in
both the AES and the EELS spectra. There were the systematic shifts of the
break points, for changing from one stage to another, to higher temperatures
when the thickness of the film increases. The initial stages of the growth of a Sn

film on a clean Nb substrate have been examined for comparison with the
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theoretical models, which have been proposed for the different modes in which a
film may grow depending on the relative surface energies of the adsorbate and
substrate. The experimental data have been displayed as an AA-/ (Auger
Amplitude versus deposition time) plot, which is consistent with the Stranski-
Krastanov (SK) model and from which the attenuation length of the electrons has

been determined.
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Chapter 1. Introduction

A common feature of electron spectroscopy methods is the possibilities of
getting a high surface sensitivity by taking advantage of the short penetration and
escape depth of the electrons in solids. We used electron energy loss
spectroscopy (EELS)!I!! and Auger electron spectroscopy (AES)I23) The
objective of this thesis is to present studies of surface plasmons of pure metals
and interface plasmons (overlayer plasmons) of thin films by means of EELS
Also presented are the examinations of the thermal stability and the growth
mechanism of the thin films by using AES

The adsorption of metals on refractory metal substrates continues to be of
considerable interest in many areas for several years!?-*i. Periodic multilayer films
that consist of many interfaces and which do not usually occur in nature have
attracted much attention for technical applications like a high intensity
monochromator for diffraction experiments. In recent years another interest has
developed in magnetic metallic super lattices as a possible device for data storage
using the Kerr effect. Consequently a proper understanding of the surface and
interface properties is not only of academic interest but also has practical
applications.

Plasmon loss features, which are observed as satellites of the no-loss peaks in
UPS, XPS, and AES, are also well known in EELS  EELS is a technique which is
flexible and is sensitive to the character of the surface and changes in the valence
band density of states In addition the depth of the surface layers sampled can be
varied by changing the energy of the incident electrons. Present theories about
plasmons provide nice descriptions for nearly-free-election metals, but the

interpretation of characteristic EELS for transition metals is complicated by the



possibility of interband transitions. Furthermore, extra structures in the EELS of
thin films and semiconducting superlattice (semiconductor multilayer systems)
have been of continuing theoretical and experimental interest!®.7l.

Beginning with the pioneering work of Frank and van der Merwe!®l, theoretical
studies of the energetics of epitaxial growth, including Monte Carlo simulations,
molecular-dynamics simulations and phenomenological methods, have provided an
important basis for understanding the growth modes and stabilitv of films(®51
Experimentally the AA-t (Auger Amplitude—time) plot of AES measurements,
taken as the film is gradually build up, provides information for determining the
thin film growth mechanism!!'?l. Moreover, by analyzing the AA ¢ plot one can
find the corresponding attenuation length in the film of the Auger clectrons from
the adsorbate and the substratel'!l When the film is heated the mobility of the
atoms increases so the structure of the film will change. Measurine the AES peak
signal heights versus the anneal temperature will release some clues for analyzing

these changes.



Chapter 2. Experimental
2.1 Apparatus

Figure 1 shows, schematically, the major components of the apparatus. To
study the properties of a surface the basic condition is that the compuosition of the
surface must remain constant; in other words, the rate of arrival of reactive
species from the surrounding gas should be as low as possible. The arrival rate of

atoms or molecules from a gas of density # and with an average velocity v isi!?l

R:%"V=3.SIKIOHXTI:FF (2.1.1)
where P, m, T are the pressure, mass of an atom, and the temperature
respectively.

For O, at T=300K, if P=10" Torr, then R=358.10",cm’ s, since a
monolayer is about (6.02 x 107%em*)*” = 10"/ em®, a 'clean’ surface will be covered
with a monolayer of oxygen in about 30 minutes with system pressure ~ 107 Torr,

[18)

so for the surface study we need a vacuum system with pressure of 10 ™ Torr or
better. In our laboratory a high vacuum system made by Varian wus used. The
chamber was constructed of stainless steel;, the high vacuum seals were made with
stainless steel knife edge flanges and copper gaskets to keep the system tight
Fore pumping to a pressure less then about a micron was accomplished with an oil
free mechanical pump and a Vac Sorb pump containing a molecular sieve that was
chilled with liquid nitrogen. Then the system was pumped by an 110 liter per

second ionization pump. That was done by first closing the vaive that separates

the upper half system and the ion pump located at the bottom of the system, then
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slowly opening the valve after the pressure of the lower half systen reached 107
Torr or lower. We have to do the pumping in these two steps way due to the
capability of the ion pump, and we found that success is much casier on going
from the first step to the second step if we give the first step a long tune pumping.
Usually it takes two or three hours for the system to reach the pressure around
low 1077 to high 10 * Torr range. A titanium sublimation pump was used to help
pump down the system too The chamber was baked ~ 200 "C tor several hours
after the ion pump was on the whole system The base pressure of the system
could be brought to less than 10 ° Torr, and usually the pressure of the system
was in the low 10 * Torr range or lower during a thermal evaporation.

The sample holder was attached to a manipulator which allowed us to
precisely control its position and orientation. The sample can be moved into and
out of the regions of heating, detection, and evaporation by rotating the central
shaft and compressing or expanding the bellows The manipulutor’s central shaft
was electrically isolated from the chamber and the sample. The 5.;|n|ple holder was
connected via thick copper leads to high current feed throughs A power-supply
provided the high current required to heat the sample to alimost 2000 € A
thermocouple of tungsten and rhenium was spot welded onto the sample to
monitor the sample's temperature. The temperature was alse mcasured by an
optical pyrometer to make the calibrations.

The thin films were grown by the thermal evaporation mcihod  The thermal
evaporation was done by heating the evaporate source material in u basket or boat
above its melting temperature, after outgassing of the basket o0 boat  From our
experience it is much easier to control the evaporation rate for the 'used’ basket or
boat rather than the brand new one. Besides it is also quicker 1o pump down the

system to its base pressure after the pre-outgassing of the "uscd' basket, while for
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a brand new one, it is a little bit tricky to control the evaporation rate if we intend
to keep the rate at a constant value. A Sloan meter (OMNI 111) was used to
measure the thickness of the film during the thermal evaporation

The detector and display system consists of a Retarding Field Analyzer (RFA),
consisting of a LEED optics and associated electronics, a lock-in amplifier, an
A/D (analog to digital) converter and a compatible IBM 1PC. The retarding grid
system, as shown in figure 1, uses four grids to improve the cuollected signal's
quality The middles two grids were connected together and the outer two grids
were connected to ground to sharpen the spectra by reducinge Licld penetration
affects. The electron gun used to bombard the sample was also focused to
increase the yield of electrons. The collected electron current from the RFA was
input to the lock-in amplifier made by Princcton Applicd Rescaieli The output
analog signals were digitized by using the LabMaster!"'! converter (12 bit
resolution, 16 channels, and 30 KHZ sampling speed maximum)  Vhe board has
programmable gain which may be selected to be [, 1o 1o o 500, which
corresponds respectively to 10 V, 1 V_ 100 mV, and 20 mV {ull scale range. This
analog to digital converter (ADC) is located outside the PC and ncar the lock-in
amplifier and sweep unit, therefore the sensitive ADC is isolated from internal
electrical noise of the PC. This arrangement optimizes the analog signal clarity
providing the most accurate readings. Finally the digital data seived as the raw
data input of AELAS (abbreviation of: Auger Llectron spectroscups Lab Analysis
System) which is a software written in (' by Dr. Dickey and meltl AELAS wil)
automatically change the A/D converter gain to avoid losing significant bits of the
original data due to changes in order of magnitude of the mput sivnals  AELAS
can save the original data; show the AES curve simultancously while the data is

being taken or retrace the curve later for analysis, do some basic mathematical



analysis such as Savitzky-Golay!!'’! polynomial smooth, Auger signal's peak-to-

peak height calculations; go to DOS shell without quitting from AELAS, etc.

2.2 General Techniques

2.2.1 Sample Preparation

The sample substrate foil with dimensions’ S cm x 15 cm and high purity of
Marz gradel'®l (99 999%) was attached to the holders by using a spot welder with
typically a power of 250 W and current of ~ 28 A for Nb, ~ 30 for Ta, and ~32 A
for Mo The holders used for Nb, Mo, and Ta were thick foil of Nb, Mo, and Ta
respectively to avoid introducing new impurities. Before being mounted in the
experimental chamber the sample foil was pre-cleaned in methanol for 30 minutes
by using a 125 watt ultrasonic cleaner made by Fisher. After the sample was
transferred into the UHV system and the pressure of the system had been brought
down to its base pressure, the foil was cleaned by heating at iemperatures of
about 2000 °C for Nb, 1700 °C for Mo, and 2200 °C for Ta, approaching their
melting points, until AES cannot detect any C, O, N or other impurities The
heating process was done in several stages of 2~3 hours' heating with different
temperatures. The main contaminants of the substrates were oxygen, carbon,
nitrogen, and tantalum for niobium, and also tungsten for molybdenum and
tantalum. The concentration of the impurities is, separately, less than 40 ppm
(parts per million) for tantalum, 200 ppm for niobium and 480 ppm for
molybdenum!'®). The clean surfaces of Al and Sn were prepared by thermal

deposition of a thick film of the pure metals; Al was evaporated from



12A-3x.025W 17l baskets while SI9B-TA!'”l boats were used for the deposition
of Sn.

2.2.2 Temperature Measurement

We used both a thermocouple and an optical pyrometer to measure the
samples' temperatures. The thermocouple was composed of W-3%Re/W-25%Re
wires. It was a little bit tricky to weld the thermocouple wires onto the desired
position. Generally the thermocouple is mounted at the edge of the sample
instead of the middle, since if we melt the thermocouple to the center of the
sample, some dots will be made on center of the sample during melting. Those
dots will later contaminate the surface of the sample and weaken the sample so it
may more likely break when it is heated to a high temperature for cleaning. Due
to this kind of mounting, the temperature measured by the thermocouple is not
the same as that measured from the optical pyrometer. The optical pyrometer can
be focused on the sample and measure the highest temperature that is usually at
the middle of a sample, and also any vanation in temperature across the sample.
By measuring simultaneously the temperatures from both the optical pyrometer
and thermocouple, very good thermocouple calibration curves can be obtained.
The sample's temperatures should be measured at the surface analysis region, if
this is not possible due to the practical difficulties the temperatures were obtained
from the measured thermocouple voltages. Since the optical pyrometer cannot
read the lower temperatures (< 750°C), the extrapolated part of the temperature-
volt curve was used to determine the low temperatures. A typical thermocouple

temperature-volt curve is shown in figure 2 where all the experimental data (in
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circle) are well fitted to a straight line  The measured voltages of the
thermocouple are automatically recorded by the computer. From time to time the
calibration curve was checked during a run. For each run a similar curve was

obtained.

2.2.3 Thermal Evaporation and Annealing

The thermal evaporation method was used for the thin film growth Since the
transition metals react strongly with the oxygen, they were always heated to a
high temperature immediately before each evaporation to ensure a clean surface.
The Sloan meter monitors the vapor flux when the evaporate source had been
heated to high enough temperature (figure 3). The substrate was moved into the
evaporate region when a slow, stable evaporation rate had been gotten by
adjusting the boats (or baskets) heating currents, then it was moved away after the
desired thickness had been reached. The key point during the thermal evaporation
is to get a reasonable high temperature but not too high, so the evaporation rate
during the process is slow and stable We usually made the evaporation rate
maintained at 0.1 A/s or 0.2 A/s measured by the Sloan meter. For Sn, the
pressure rise during evaporation was less than 5x 10 * Torr, and with aluminum,
the pressure increased to 9 x 10 " Torr during deposition. The AES and plasmon
loss spectra's data were recorded within a 20-30 minute's period following the
evaporation. The detailed evaporation conditions of Al and Sn are listed in
tablel. The commercially available evaporation source used were Marz grad!'®l
(99.999%) Al wires and 99.999% Sn shot. For Al the BI2A-3x.025W!'7l baskets

were used while for Sn the SI9B-TA!'7) boats were used.
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Table 1. Typical thermal evaporation conditions

Substrate Evaporate Source Rate(A/s) Current (A)'
Nb Al 02-03 48
Nb Sn 0.1-02 110
Mo Sn 0.1-02 100
Ta Sn 01-02 105

The film thickness was measured by the Sloan meter that functions by
measuring the change of the frequency caused by the growth of evaporation
material on the crystal head (5 MHz, Plano Convex, gold coated crystal was
used). When an AT-cut crystal is placed in the feedback path of an electronic
oscillator, mechanical oscillation in the shear mode occurs. The frequency of
oscillation is determined by the thickness of the crystal and the electromechanical
characteristics of quartz By Behrndt et all'®l, when a quartz crystal is excited to
thickness-shear oscillations, the plate's thickness corresponds to a half-wavelength

of the fundamental frequency:

(2.2.1)

Where v, is the velocity of the elastic transverse wave in the direction of the

plate thickness r and C is the frequency constant.

¥ Boat or basket heating current.
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Let Am and p, respectively, denote the mass and density of the thin film, one has

Am=pA-Ar (2.2.2)

with 4 be the area of the plate and A r be the thin film thickness. Expressions

(2.2.1) and (2.2.2) yield:

Am=-C L2 A 223
"y 22

where f,, f and Af is, respectively, the starting, ending frequency and the
frequency change. Hence a change in mass of the crystal due to the deposition of
a thin film can be determined from the frequency shift.

To study the growth mechanism of an adsorbate metal B on a substrate metal
A, first 1 moved A into a position, P,.,, where the AES signal taken was the
highest, then the sample A was rotated to a position, P,,,, where the whole sample
was exposed to the evaporation vapor flux of adsorbate B, as demonstrated in
figure 3. Positions P,;, and P,,, were marked as accurate as possible for later
reference. After the initial evaporation the sample was rotated back to position
P.:s. then both AES and EELS measurements were taken. Later the sample was
moved back to the position P, for the next evaporation. The procedures were
repeated until all desired evaporation and measurements were done. The films
were deposited at typical rate 0.1 or 0.2 A/s in stages; in each stage I registered
the film thickness, the Auger spectra of both adsorbate and substrate and the
EELS spectra of the film.

After the evaporation of the adsorbate B on the substitute A, I studied the
annealed B/A surface to get more information about the film structure and the

possibility of alloying. The thin film B/A was annealed at stepwise increasing



temperatures guided by readings from the thermocouple. During the annealing the

sample was maintained in the same position.

2.2.4 Spectroscopy

After careful outgassing of all components the base pressure of the UHV
system was in the low 10”7 Torr range. The sample's position was fine adjusted
until the signal of the first plasmon loss peak of EELS reached its maximum where
the primary energy and beam current were usually set to 500 eV and ~15 gA. In
order to detect the build up of the impurities such as C and O during the
measurements, the sample was continually monitored by taking the impurities'
Auger signal. For AA—f measurements the substrate specimen was rotated on a
manipulator between the position for deposition and the position for AES
measurement. To minimize scatter in the data, these positions had to be precisely
located by marking down the readings of the manipulator's scales. Changes of the
Auger signals of both adsorbate and substrate during the process of thin film
growth enable one to draw the AA—t plot that in turn will be used to determine
the film growth mechanism!1?-22] besides it also yields information which can be
used to calculate Auger electron's IMFP (inelastic mean free path)I23-251 [n case
of the annealed A/B system, at each different heating conditions, both materials A
and B's Auger finger prints were taken as well as the film's plasmon loss spectrum.
For the study of plasmon loss peak intensity versus the primary energy, the sample
was fixed so that the geometry factor and its influence on the peak intensities can

be eliminated



15

2.3 Electron Energy Spectrum
2.3.1 Auger Electron Spectroscopy

In this thesis the Auger spectra were taken in the second derivative mode
Due to the small signal and steeply sloping background the Auger peaks are very
difficulty to observe in the ordinary counting mode. Instead by superimposing a
modulation on the scan energy, the more useful differential form of Auger
spectrum is obtained. If the perturbing voltage applied on the analyzer energy is:

AE = ksinw?, the collected electron current isl26):

l(E+AE}=I(E)+I'AE+%I“AE: +%I“'AE3 4’%1“"1&!54 + e

3 . :
or l=l.,+(l'k +—l'"k3)-sm(u!—[-l—l“k'+L]"“k‘)-0052wt+--- (2.3.1)
8 4 48

when the modulation voltage AE is small, the higher-order terms (> k') can safely

be neglected, so we have:
I=1 +I'ksin wr—%l"k2c052w1+--- (23.2)

Let V be the voltage applied to the grids of the retarding field analyzer, then only

the elections with energy higher than E = ¢V can passing through the retarding

field to contribute to the collected current. This gives the current:
I(E)x [ N(E')dE' (2.3.3)
v

where N(E) is the energy distribution function of the electrons.
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From equation (2.3.3) we therefore have:
N(E) «< I'(E) (2.3.4)

From equation (2.3.2), the energy distribution N(E) can be obtained by tuning the
lock-in amplifier to the modulating frequency w. Similarly by tuning to the
second harmonic 2w, the derivative Auger spectrum dN(E)/dE is obtained as

follows:
N'(E) < I"(E) (235)

In our laboratory we detect the second harmonic 2@ and therefore get the
derivative Auger spectra dN(E)/dE. Most peaks in the N(E) curve have a low
energy tail, while the position of the peak is more readily seen on the N'(E)
curvel?7.2¥l The AES measurements were taken in the dN(E)/dE form with a
primary energy and current of 2 KeV and ~ 45 nA. The peak to peak modulation

voltage was 2 V.

2.3.2 Plasmon Loss Spectroscopy

Plasmon loss features are well known in electron spectroscopy, and have been
extensively observed not only by X-ray Photoelectron Spectroscopy (XPS), but
also by Electron Energy Loss Spectroscopy (EELS) and Auger Electron
Spectroscopy (AES) since the primary theoretical work of Pines and Bohm!?%-321
By looking at the nature of these plasmon excitations, one may gain deeper
understanding of the photoionization mechanism, and of the electron scattering in
matter. In the EELS experiment the so called extrinsic excitation of the plasmon
occurs during the transport of the electron through the solid, while in the XPS and

AES experiments, the other kind of plasmon excitation - the so called intrinsic
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excitation takes place simultaneously with the creation of the holes Attekum et
all33 had shown that in the EELS extrinsic excitation process, the surface plasmon
loss especially the very first one has higher intensity than in the XPS spectra.
Another parameter effecting the relative intensities of plasmon loss is the
electrons incident energy, i.e., with the higher primary energy the refative intensity
will increase for the bulk plasmon loss and decrease for the surface plasmon loss.
To select a suitable primary electron energy requires a balance between these two
and also some practical limitations such as the electron gun currents. From our
experience we find out that the 500~700 eV energy range is nice for our
laboratory, a typical set for the plasmon loss spectrum is E =500eV and I ~
15u4A.

One way most widely used in checking the cleanness of a surface is to take the
AES finger prints of the possible impurities. The other way used to check the
build up of the impurities, especially O and C, is to take the spectrum of the
surface plasmon. Since, if the surface oxide forms during the measurements, the
surface plasmon peak will show an energy shift. For example, aluminum's surface
plasmon loss will show an energy shift from 10.2 eV down to 7.1 eV in the
presence of the oxide and similar effect for other metalsli29.34-361 The details of
this kind of shift are discussed in later section 3 2 to avoid duplications. Overall
both the Auger finger print and the plasmon energy shift will tell us the same

story.



2.4 AELAS
(Auger Electron Lab Analysis System)

The software AELAS was designed in the pop-up menu fashion for easy use.
AELAS' main task is to save the original spectrum in digital form (it can save up
to 10,000 points in floating number format). AELAS was written and complied in
Turbo C** 'Y AELAS accesses the LabMaster interface board via subroutine
calls to LabPacl'¥.  LabPac is a low level software driver which is memory
resident. Instead of giving a full description of AELAS, following is just a brief
discussion about its analog to digital converter (ADC). An important thing which
needs our special attention was matching the AES system's sweep-speed and the
sampling rate of the digital data. It is obvious that there is always the danger for
an overrun to occur when sampling the data, where overrun means that when the
process context calculates it is time to begin sampling the next data and the
previous sampling is still in process. It takes approximately 90 us to serve one
hardware interrupt by the combined efforts of the CPU, the main LabPac service
routine and one process context. By taking into account the time needed by the
program, we use 800 us for the minimum time interval of one complete service
cycle (Service Cycle Interval = 4 * Interrupt Interval). That in turn gives us the
condition (2.4 2) for the time consideration of sampling data. In the calculation
part (not shown) that we did, let + sweep be the time needed for a sweep, and
n poinf be the total number of points to be saved for the sweep. The period,
source, and skip are integer variables introduced from LabPac. The problem is to
find out the right combination(s) between skip, period, source, t sweep, and

n poini, so that the following relationship between them will hold:



{_sweep =n_point x4 x skip x (period x 10° ')

(2.4.1)

where (period x 10°*"* ') is the interrupt interval. Besides, they are also bounded

by the following conditions:

period x 10°7 ' > 200 us

11 < souree <15

1 < period < 2"

| < skip < 65,535

(2.4.2)

(2.4.3)

(2.4.4)
(2.4.5)

Another extra practical condition introduced by our energy sweeper generator is

that the 1 sweep must be: 0.5, 1.5, 5.0, or 15 minutes. The possible combinations

satisfy the conditions (2.4.1)-(2.4.5) are listed in table 2. The final value chosen

for source, periodis 11 and 625.

Table 2. Parameters used in AELAS to determine the skip

Parameters Combinations
source Il
period 625

n-point (in thousand)

2k, 4k, 6k, 10k

t-sweep (in minute) 0.5 15 50
n-multiplier = n-point/1,000 2,.4,6,10
t-multiplier = t-sweep/0.50 1,3,10

skip  (if n-multiplier =10)

10x(t-multiplier/n-multiplier)

skip  (if n-multiplier = 12)

12x{t-multiplier/n-multiplier)
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The next thing we need to take care with was the precision of the digits saved
in AELAS. What we let the AELAS do 1s first read a data, checks its range, then
chooses a suitable gain for that data. By doing this AELAS will not lose digit(s)
due to the change of the data's scale. The last thing was certainly the time

consuming job — write the codes and debug them until they work.

2.5 Smoothing

2.5.1 Digital Filters

A principal concern in practical Auger spectroscopy is to keep or to improve
the quality of the recorded electron spectrum while performing the analysis
quickly. Smoothing digital filters are valuable tools for improving the signal-to-
noise ratio of spectrometric measurements!’’l.  Several methods of smoothing
fluctuating data are available, one way used in AELAS is the moving average In
this method, one takes a fixed number of points, sum their values together, then
divides by the number of points to obtain the average value at the center of the
group. To calculate the next average value, the point at one end of the previous
group is dropped, then the next point is added at the other end of the group, and
the process repeated until all the points are visited This method is not the most
powerful technique, but it is simple and it is clear and easy to program It is

noticed that the end-points need a separate consideration.
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2.5.2 Polynomial Digit Filter

Another commonly used method for digital filtering is that of least squares.
Described by Savitzky and Golayl!*], the finite polynomial filters are especially
suitable to all types of spectrometry, they conserve area, symmetry, line position
(for symmetric lines), and higher moments while yielding a signal-to-noise
improvement that can be near the theoretical limit of the matched filter.

In this method a set of points is to be fitted to some curve described by a
polynomial equation, the coefficients of this equation are to be selected such that
when each abscissa point is substituted into this equation the square of the
differences between the computed numbers and the original numbers (data) is a
minimum for the total of the observations used on determining the coefficients.
Savitzky and Golay did the detailed calculations and proposed a series of
numerical tables for the smoothing of experimental data and for the computation
of the derivative. The Savitzky-Golay convolution smoothing technique is based
on fitting an array of 2m+ 1 equally spaced data points (x_, y.), = (x,, y.),

(x,. y,) to a polynomial of degree n, (n < 2m+1)38I:

4

P(x)=c¢,+elx-x)velex ) vrve (x-x) (2.5.1)

Then the smoothed value }—', of the group at the center point is the value given by

the polynomial at point x =x_, 1€,
y=Px=x)=¢ (2.5.2)

The objective of the digital least-squares-fit convolution procedure is thus the
determination of a set of n+ 1 coeflicients, {¢ }, such that the sum of the errors at
each of the observation points, E, will be minimized, where E is defined as

follows:
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2

E= f [y, P(x)] = E[Jﬁ —(e, +6(x, - x,)++c (X, —xo)“)] (2.5.3)

To minimize E with respect to the coefficients {¢ }, differentiating E with respect

to each ¢ and setting the result equal to zero gives us the following n+1

equations:
CE - n
. = —2;“ [yl —(C., +o(x, —x )+ -+c {x —x) )](x, - xﬂ)k =0,

where (k =0,1,2,.--n) (2.5.4)
Solving equations (2.5 4) for the coefficients {¢ }, especially the ¢, and using

expression (2.5.2) one has the smoothed value at the center point:

y.=¢ =3P, (2.5.5)

General formulae for the coefficients p, for fitting to polynomials of degree 2 to
5, as listed below, have been derived by several authorsi*®!.  For quadratic or

cubic fits the formula is:

p = 3(3m +3m—1-55) (2.5.6)
2Zm+3)(2Zm+1)(2m-1)

and for quartic or quintic fits the formula is

B (I_i)(ISM‘ +30m’ — 35m* ~SOm+12)-35(2m* +2m-3) -5 + 635"
P=y (Zm +5)(2m+ 3)(2m+ 1)(2m - 1)(2m - 3)

(2.5.7)

The corresponding coefficients for quadratic (10] points) are listed in Table 3. In
AELAS both quadratic- and quartic-smooth 1s available.
By analyzing the effects of single least-squares-fit smoothing on noise-free

Gaussian lines Willson and Edward!*®! have found that the optimum width of the
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smoothing array is 1.4 times the full width at half maximum (FWHM) of the
narrowest Gaussian line of their spectra. In a similar analysis considering
Lorentzian-shaped as well as Gaussian-shaped lines, Enke and Nieman!4?l
conclude that the best signal-to-noise enhancement from a single-pass (quadratic-
cubic) smoothing occurs for a smoothing array that is twice as wide as the FWHM
of the peak being smoothed.

To check the effect of polynomial smooth built in the AELAS, we took an
Auger electron spectrum of clean niobium as our original raw data. After adding
random noises with different levels to the original raw data, we smooth the noise-
added data. The effects of the polynomial filter on improving the signal-to-noise
ratio of spectrometric measurements are shown in figure 4. In the figure, series
curves (a), (b), and (c) represent the raw data, noise added data and noise added
data after smooth respectively. The smooth is an 101-point quartic one (smooth
range of 101 point is ~1% of the full x-scale which is 10,000 points). Clearly the
polynomial smoothes can move away the random noise (recover the raw data) if
the noise level is reasonable low as shown in figure 4-1 (c), but the polynomial
smoothes will fail to recovering the noise-added data when the noise level is too
high as shown in figure 4-4 (¢). Other intermediate noise levels are also shown in
figure 4-2 and figure 4-3 for comparison. From above tests, by applying the
polynomial filter to the spectrometric measurements we can improve the signal-to-
noise ratio, or in another word, we do indeed clean up a dirty spectrum by
removing the background noise. To make it unique, most of the spectra shown in
this thesis are in their original form, i.e., the spectra without applying data filters.
The spectra treated by the smooth technique are noted where they are given

(examples: figure 4, 23, 24).
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It is noticed that the smooths mentioned above do not work for the end-points,
but since these end-points are only 0 1%-~1.0% of the full scale, provided that the
energy range of the data extends well beyond the features of interest there will not

be any problems.



Table 3. Savitzky-Golay coefficients P, (quadratic, an 101-point array)

P[ 0] = -0.014131

P|25] = 0.013178

P[50] = 0.02228]1

P[75] = 0.0(3178

P| 1] =-0.012689

P[26] = 0.013892

P[51] = 0.022266

P[76] = 0.012435

P| 2] = -0.011276

Pl27] = 0.014576

P[52] = 0.022223

P[77] = 0.011663

P[ 3] = -0.009892

P[28] = 0.015232

P[53] = 0.022150

P[78] = 0.010862

P[ 4] = -0.008538

P[29] = 0.015858

P[54] = 0.022048

P[79] = 0.010032

P[ 5] = -0.007212

P[30] = 0.016455

P[55] = 0.021917

P[80] = 0.009173

P[ 6} = -0.005916

P{31] = 0.017023

P|S6] = 0.021757

P[81] = 0.008284

P[ 7] = -0 004649

P[32] = 0.017562

P{57] = 0.021567

P[82] = 0.007367

P[ 8] = -0.003411

P[33] = 0.018072

P[58] = 0.021349

P[83] = 0.006420

P[ 9] = -0.002202

P[34] = 0.018552

P[59] = 0.021101

P|84} = 0.005444

P[10] = -0.001022

P[35] = 0.019004

P|60] = 0.020824

P{85] = 0.004439

P[11] = 0.000128

P[36} = 0.019426

Pl61] = 0.020519

P[86] = 0.003405

P[12] = 0.001250

P[37] = 0.019819

P{62] = 0.020184

P[87] = 0.002342

P[13] = 0.002342

PI38] = 0.020184

P[63] = 0.019819

P[88] = 0.001250

P[14] = 0.003405

P[39] = 0.020519

P[64] = 0.019426

P[89] = 0.000128

P[15] = 0.004439

P[40] = 0.020824

P|65] = 0.019004

P|90] = -0.001022

li

P[16] = 0.005444

Pl41] = 0.021101

P|66] = 0.018552

P[91] = -.002202

P{17] = 0.006420

P|42] = 0.021349

P[67] = 0.018072

P[92] = -0.003411

P[18] = 0.007367

P[43] = 0.021567

P[68) = 0.017562

P[93] = -0.004649

P[19] = 0.008284

P[44] = 0.021757

P[69] = 0.017023

P{94] = -0.005916

P[20] = 0.009173

P[45] = 0.021917

P[70] = 0.016455

P[95] = -0.007212

P|21] = 0.010032

P{46] = 0.022048

P{71] = 0.015858

P[96] = -0.008538

P[22] = 0.010862

P[47] = 0.022150

P[72] = 0.015232

P[97] = -0.009892

P[23] = 0.011663

P[48] = 0 022223

P[73] = 0.014576

P|98] = -0 011276

P[24] = 0.012435

P[49] = 0.022266

P|74] = 0.013892

P[99] = -0.012689

P[100] = -0.01413]
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(4-1)

(b)

{c)

(4-2)

{e)

Figure 4. Smooth effect on random noise: (a) original raw
data, (b) noise-added data, {c) noise—added data after an

101 -point quartic smooth.
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(4-3)

Continued from figure 4.: (4-3) and (4-4).
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Chapter 3. Theory

3.1 Auger Electron Spectroscopy (AES)

Auger electrons were first discovered in 1925 by Pierre Auger who saw their
tracks in a Wilson Cloud Chamber and explained their originltl. Auger Electron
Spectroscopy has emerged as one of the most sensitive methods of surface
analysis and has been widely accepted due to the relative simplicity of the LEED-
Auger and cylindrical mirror analyzers (CMA). The method has found widespread
application in the fields of metallurgy, semiconductor technology, thin film
analysis, and fundamental surface physics.

Auger electron spectroscopy is accomplished by irradiating the surface of a
solid with a primary electron beam while energy analysis is performed on the
resultant secondary electrons An initial core hole in a shell or subshell (energy
E.) created either by incident photons or electrons may be filled with electrons
from an outer shell (energy E ). The two possible filling processes are photon
emission and Auger emission as shown in figure 5. In the photon emission,
photons with energy Av=E_ ~E, are emitted, while in the Auger emission, the
energy released is transferred via the electrostatic interaction to another bound
electron (energy E ) that then escapes from the atom. This outgoing election, the

so called Auger electron, has an energy of"

Eage = E, -E, - E, — 1 (3.1.1)
where I is the hole-hole interaction energy and E ., E_, and E, are the normal one-

electron binding energies. These are usually taken to be those measured in XPS
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Figure 5. Two possible processes for filling an inner shell electron vacancy:

(a) Auger emission, {b) photon emission
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(X-ray Photoelectron Spectroscopy) and therefore include one-hole relaxation
effects already. The I, therefore, lumps together the two-hole energy effects

within the material under study. It may be divided into two terms:
I=H-S (3.1.2)

where H is the hole-hole interaction energy in the free atom and S takes account
of the screening polarization or relaxation effects of the solid state environment,
The Auger electron energy is directly related to core levels of the parent atom; it
is dependent only on the energy levels of the atom and does not depend on the
energy of the electron that caused the initial ionization. In the Auger radiationless
de-excitation process, the atom is left in the final state with two holes (vacancies),
if one of the final state holes lies in the same shell as the primary hole (although
not in the same subshell) the transition is referred to as a Coster-Kronigl27.41
transition. The number of core-holes produced due to the electron impact in the
various subshells of the same shell is proportional (o their occupation number, for
example, the initial distribution of core holes in the L-shell should be around 1:1:2
for 2s:2p,,:2p,,;. Due to the fact that the Coster-Kronig satellite process
involves migration of core-holes between the subshells and therefore changes the
core-hole distribution and to the fact that its transition rates are much higher than
the normal Auger transitions, the Coster-Kronig transition is significant and
influences the relative intensities of the Auger lines. As shown in figure 6, if an
L) shell has a vacancy, the Ly to L transition (Coster-Kronig) will be rapid

thereby reducing M electron to L) vacancy.
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Figure 6. Normal Auger emission and Coster-Kronig process.
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3.2 Plasmons

Plasmons are quantized oscillations in the density of an electron gas. They
were discovered in ionized gases by Langmuirl42l,  Such oscillations can be
excited by shooting in a photon or a charged particle. When electrons pass
through or reflect from a thin film, the reflected or transmitted electrons may
show an energy loss equal to integer multiples and combinations of the plasmon
energies. The plasmon energies depend upon the density of the electron gas and
whether they are three dimensional fluctuations — the bulk plasmons, or two
dimensional fluctuations at the surface - the surface plasmons, or localized

fluctuations at an interface — the interface plasmons.
The frequency dependent dielectric constant &(w. k) is used to describe the

dynamic electrical properties of a medium  Let @, denote the frequency

determined by:

w, :(47rNezfm)m (3.2.1)

where m, ¢ is the electron mass and charge respectively and N is the free
electron's density. Derived by Nozieres Pines!*!! the electrons’ inelastic scattering

from a solid can be expressed in terms of &(w, k), which is a complex frequency-

dependent function, as follows:

e(w,{)):hﬂ-—w:-z /, (322)

J
2 : P 2 2 :
W —ig w oW W g W

where @, is the frequency given by (3.2.1), f is the oscillator strength that
describes the free-electron contribution to &(@w,0) and g, is the reciprocal of the

relaxation time. The last sum-term in (3.2.2) is due to the contributions of
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interband transitions of frequency @, with oscillator strength f and damping

constant g of the j-th interband transition. The f's follow the sum rule of the
oscillator strengths:
ZfJ =1 (3.2.3)
10

The imaginary part of £(@,0) is simply a measure of the number of states available

for real transitions. For free-electron metals, w <<, when @ =z o, therefore

the last term of expression (3.2.2) is negligible small; then the dielectric constant

£(@,0) of the free electron gas is obtained as:

)

W’

£ = e(w,0)=1- — 2 (3 2.4)
W -ig w
2 3z 9 2 2
W @ ) @
or: s@y=1--5+ Pt o e R S
@’ [[ w'? o7 w'r o7

where r' = g is the damping rate. The last term of the above expression is small
for free electrons. The expression therefore becomes the well-known free

electron dielectric constant relationship:

Hw,0)=1-22 (3.2.5)
(42

It is well knownl!*?l that the condition for a bulk plasmon resonance occurs for
a frequency w at which &(w) =0, then the electron energy loss due to the
excitation of the bulk plasmon can be easily gotten from equation (3.2.1) and

(3.2.5)
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4gNe’
m

AE, = he», = h

P

(3.2.6)

For calculation of the surface plasmon energy, consider a semi-infinite electron
gas terminated in a plane surface and use the dispersion relationship for the
dielectric constant of the free electron gas (3.2.5), one can solve the Laplace's
equation by applying the electromagnetic boundary conditions at the
surface—vacuum interface, 1.e., that the normal component of the electric
displacement vector should be continucus at the interface, one obtains the

following equation:
&(w,0) = - (327)

From equations (3.2.5) and (3.2.7) the energy lost due to the excitation of a

surface plasmon is obtained!*4:
AE, = hw, = ! ho ——I-(AE) (3.2.8)
s 3 7; P Ji b S

For an even more general case, consider the metal is not bounded by the
vacuum any more, but by a dielectric medium with the dielectric constant &, for
example, an oxide layer above the metal. The following formula will then be

obtained for the energy loss due to the excitation of a surface plasmon:

AE = 1 |

——tw, = AE
s m @, m( 0) (3.2.9)

Similarly, by applying the electromagnetic boundary conditions at the plane Z =0

between metal 1 at Z >0 and metal 2 at Z <0 one has the energy lost due to the

excitation of an interface plasmon:

AE, = \/%[(hmm)2 +(hwp2)2]: \[%[(AEN ) +(AE,,3)*] (3.2.10)
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where AE, and AE,, denote the bulk plasmon energy of metal | and metal 2
respectively. From the above formulae, metals with conduction band electron
densities in the range of 107 ~10" electrons/m? will show plasmon losses in the
order of a few electron volts. The exciting particle may generate more than one
plasmon as it passes through the solid and so suffers multiple plasmon losses.
Table 4 lists some metals' plasmon loss energies calculated by using above

formulae (assuming that the s- and d-band electrons are free).

Table 4. Predicted plasmon energies (eV)

Part 1: bulk and surface plasmon energies

Material Bulk Plasmon Surface Plasmon
Nb 19.6 139
Mo 231 16.3
Ta 196 13.9
Sn 12.7 8 96
Al 158 11.2

Part 2: interface plasmon energies

Al/ND Sn/Nb Sn/Mo Sn/Ta

17.8 16.5 18.6 16.5




16

Now let us take a look of an interesting case of the metal-thin-film-vacuum
sandwiches. Consider a semi infinite metal in the half space of z <0 with a thin
film layer in the region of 0 <z < r and the vacuum in the region of z > 7, (the so
called step-function), let Aw_ and hw, denote the bulk plasmon energy of the
substrate metal and the thin film respectively as defined in equation (3.2.6), then

the two dielectric functions are:

Yn and g =e(w.0)=1-2 (3.2.11)
(1] w

=t

g =e(w,0)=1-

The electric scalar potential distribution set up by a classical charge wave
bound to the interfaces must be zero at infinite distance and satisfy the Laplace's
equation within the substrate metal and the thin film. Let's use the Cartesian
coordinates x and y parallel to the interfaces and z normal to them, therefore the

electric potentials in the three regions must have the forms:

u/m(x,z,t)zcos(kx—wt)(Ae“), z<0
v (x,z.1)= cos(kx - wt)(Be' " +Ce '), O<r<r
w. (x,2,0) = cos(hkx— wt)(De *© "), z>r

where A is the amplitude of the running wave, k is its wave number, and B, C, and
D are constants to be determined At each interface, the boundary condition

holds. At plane z = 0, the continuity of the transverse electric field,

Y| _Pw,
ﬁx r 0 éx F ]
gives: B+C=A (3.2.12)

and the continuity of the normal electric displacement,
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g O¥n|l _, 0¥
" Oz . Oz |
gives: B—C:(fﬂ)-A (3.2.13)
El

Similarly at plane z = r, the boundary conditions give:
Be*" +Ce ' =D (3.2.14)

Be‘”—Ce“:——ID (3.2.15)
£

The four equations (3.2.12)-(3.2.15) can be used to determine the eigenvaiues

and the constants B, C, and D in terms of A. The eigenvalues are obtained

2k

£ - ye
through: -me-— 3216
& £ 1+ ye ™* ( )
& -1
and y=— 3217
& +1

Combines (3.2 16) with (3.2.17) one has:

2 2
(»4—(%(uf’,+wf)-m:+%-[%m;)-wf-[[l+m—;)+[ —%]—e 2"‘:l:O
w? @

with the corresponding solutions:

2 2 2
w' :(—la}fn+lwf)i (lmm) +[-I-(u,") AR N (3.2.18)
4 2 4 2 w;

Following are several limiting cases of the eigenvalues given by equation (3.2.18):

(i) Very thick- and thin-films.
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In the thick film limit case, € *** > 0, equation (3.2.18) gives two solutions:

1 lye 3
C')(l) :75‘(0' and w(Z] = E(wm + a)n)
These two eigenvalues, not surprisingly, are exactly the same as given by
equations (3.2.8) and (3.2.10) where one is the surface plasmon loss of
film-vacuum interface and the other is the interface plasmon loss of film-metal
interface.

2kt

In the thin film limit case, ¢ ©" — 1, equation (3.2.18) gives us the following

two eigenvalues:

1
@, :_ﬁw’“ and @, = o,
These two eigenvalues also obtained from equations (3.2.8) and (3.2.6) one of
those is the surface plasmon loss of the metal-vacuum interface and the other is
just the bulk plasmon loss of the film.

(ii}) Film bounded by a vacuum on both sides.

In this case, the £_ =1 then @ _ = 0, so from equation (3 2.18) one has
1 Ee)l
@2, :7?(9,(1“ ) (3.2.19)

These formulae obtained by Simmons and Scheibnerl*’! previously, predict the
splitting of the surface plasmon loss due to the surface oscillation at the two
boundaries.

So far we have considered only the nearly free electron approximation for
g(w, k). Improvements in the theory require a treatment of the electron-electron
interactions and the electron-ion interactions. The latter requires a band structure

calculation to determine the last term in equation 3.2.2. Following for example
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Ibachl4¢], the loss function l{w,k) which describes the distribution of energy

losses is:

1
l(w,k)oc—lm{g(w’k)}, w>0 (3.2.20)

In the case of weak damping, inserting the expression (3.2 4) for £(w,k) for the

free electron gas:

1 4
- = — - 3221
lm{e(w,k)} 5 w, M ow-o,) ( )

It becomes clear that the loss function has a pole at @, which corresponds to the

BP-loss, 1€, a pole at the plasmon frequency The corresponding surface loss

function is expressed asl*6l:

1

and the associated losses are the surface losses. For weak damping, the position
of the pole in the loss function lies at Re{s(w)} = -1, which corresponds to the
SP-loss conditionl?l.  Using this formalism, our earlier results for thin films can
also be retraced!*®l. The derivation of an exact formula for the dielectric function
of a homogeneous electron gas (or Jellium) has not yet been accomplished!®?],
Several approximate formulae, for example, the Lindhardi*?) formula based on the
RPA (random phase approximation) have been suggested and have been used to

determine the corresponding loss functions[*¢),
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3.3 Electron Inelastic Mean Free Path (IMFP)

When an electron passes through a solid it can have many ways of losing
energy, the main processes are single-particle electron excitations and plasmon
scattering iIf we neglect phonon scattering for the electron range ~ 50eV-2KeV,
Theoretical calculation of the scattering cross section and the inelastic-mean-free-
path (IMFP) have been performed usually for idealized free-electron materials.
The so called universal curve, which is a plot of IMFP versus electron’s kinetic
energy as given in figure 707t (details about our data * are given in section 4.4)
shows a broad minimum near 50 eV. That can be explained as follows. At lower
energies the scattering is due to single-particle excitation’s while as the energy
increases {(above the plasmon energy, typically ~ 15 eV) the scattering is
dominated by plasmon creation due to the increase of the plasmon scattering cross
section!®?. At higher energies both scattering cross sections decrease. The
universality then becomes clear from the above mechanism of valence band
electron excitation and the fact that electron density in the valence band is almost
the same for most materials, which is about 0 25 electron/A’. However the
scatter in the experimental data points shown in figure 7 probably does reflect the
detailed material dependence.

The IMFP is given by!*3!:

Aoy = E, ThkM, (331)

where E, ts the electron energy, & its momentum, and

e e dk -1
M,_zﬂz]‘ o lm[b_(w‘k]] (3.3.2)
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Figure 7. Experimental determinations of the IMFP (electron inelastic mean free path)

in several materials. The symbols designate the experimental technique employed

in obtaining each measurement: XPS(x), UPS(0), AES(A)*1).
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In expression (3.3.2), £(w. k) is the complex dielectric constant which depends on
momentum transfer & and energy loss Aw=E -E_, in an inelastic scattering
event. Tanuma et all***%] proposed a new general formula based on the RFA
(random phase approximation) for the IMFP's for 200-2000 eV electrons in
solids. Their calculations predict IMFP's of less than 30 A, Overall the fact that
IMFP's are only a few monolayers for the electrons energy range 50-2000 eV
implies that electrons which escape must originate from and sample only a few
layers close to the surface. Thus AES and EELS are very sensitive to the surface
conditions and useful techniques in the surface study.

Another term often used interchangeably with the IMFP is the AL which has
the same order of magnitude as the IMFP. The attenuation length (AL) is an
experimental value derived from film overlayers. The attenuation in a layer of
thickness d is ¢ % where A is the AL The sampling depth of AES is determined
by the escape depth of Auger electrons, which i1s the product of the AL and the
cosine of the angle defined by analyzer direction and the surface normal. Seah
and Dench!*¢! have made an analysis of AL measurements and proposed a relation

between the electron energy, E,, and the AL, as follows:

A=5;28a+0.4l,/a‘|5-: (3.3.3)
[

where a is the average monolayer thickness (in nm) defined by:
27 I3
a=(10"A/pnN,) (3.3 4)
with the common materials constants' A is the molecular weight, »# is the number

of atoms in the molecule, p is the mass density and Na. is Avogadro's constant.

From relation (3.3.1) it is clear that AL is in range of 4-20A for the electrons’
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kinetic energy in the range 50 eV to 2 KeV.  Several authors(**3*! have pointed
out that the IMFP may exceed the AL by about up to 30%, because the conditions
close to the surface may differ from the environment in the interior. Nevertheless
Tanuma et all**’7} show that the formula proposed by Seah and Denchl*®l gives

results close to their and other calculations for energies less than about 500 eV.

3.4 Thin Film Growth Modes

In the range from submonolayer coverage to several monolayers, quantitative
surface properties depend crucially on an accurate analysis of the adsorbed atoms,
so it is important to distinguish the different possible growth modes of a thin film.
Bauer!®! proposed a topological classification and the common three types of thin
film growth modes are: (1) Frank-van der Merwe growth (layer-by-layer FM
mode) in which the deposited film completes one monolayer of coverage, then the
second, etc.; (2) Stranski-Krastanov growth (layer-plus-istanding SK mode) in
which the first layer completely covers the surface of the substrate and subsequent
tayers from islands of deposited material, (3) Volmer-Weber growth (complete-
islanding VW mode) in which the material immediately forms islands on the
surface (figure 8). Consideration of the relative magnitudes of the adsorbate,
substrate, and interfacial surface free energy leads to the above distinct growth
modes!®’!.  To do so, consider the energy difference between the two epitaxial
overlayer arrangements depicted in figure 8(b); let y_ ., » and p, denote the
surface free energy per unit area at the overlayer-vacuum interface, the
overlayer—substrate interface and the substrate-vacuum interface, respectively.
Without loss of generality, one may assume that the Volmer-Weber cluster

occupies half the available surface area A It follows immediately that:
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VW mode SK mode

FM VW

Figure 8. (a) Schematic illustration of thin film growth modes, (b) Depiction

of two epitaxial overlayer arrangements for FM mode and VW mode.
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1
AE:EH\«\_EV\N:(rc'l+y|)A_E(rn+r|+rl)A

or AE=%(y°+yl—y.)A (3.4.1)

Therefore, the condition Ay =y +y -y, <0 will favor the covering over of the
substrate by spreading of the condensate (wetting or FM mode), Ay > 0 will favor
non-wetting (VW mode), and Ay = 0 will favor the mixture case (SK mode) For
SK mode, one assumes that Ay =0 is initially satisfied followed by Ay >0 at a
certain thickness. Approximate values may be known for y_and y, but rarely for
vy, When a high surface energy metal is deposited on a low surface energy metal,
one way to minimize the system energy is certainly the agglomeration of the
adsorbate to reduce the surface area of the high surface energy material, which is
why the VW growth mechamism is usually assumed in such situation. The
prediction of the type of growth mode from energetic considerations is a complex
problem®*6'1 which depends critically on the epitaxial relations between the two
crystal lattices (misfit) and the degree of strain as described by Bauer and van der
Merwel!*! and others!®?); it should be noticed that the above estimate is only
qualitatively useful since we have completely neglected any effects that might
arise from the anisotropy of the surface tension.

Experimentally the AES peak-to-peak heights of both the adsorbate and the
substrate, recorded as a function of the exposure time or coverage is known to
give information concerning the mechanism of the deposition processes!®¥¢*l  The
FM growth was first analyzed by Gallon!'’l who showed that in layer-by-layer

growth the signal from n completed absorbed layers, I, is given by:
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(n}y _ giw

IA’—‘;’["[‘[Q;)] (3.4.2)
A

The symbols in above expression with others for later use are defined as follows.

I: the total Auger signal from the first adsorbed monolayer;

1'”: the total Auger signal from n completed adsorbed layers;

I5": the total Auger signal from a very thick (bulk) adsorbed layer;

1" the total Auger signal due to the clean substrate surface;

I{": the total Auger signal due to the substrate covered with n completed layers
of adsorbate,

a,: the transition coefficient of attenuation of the adsorbate Auger peak
through a monolayer of adsorbate (due to inelastic scattering of the Auger
electrons as they traverse the overlayers, the intensity decreases);

a’: the transition coefficient of attenuation of the substrate Auger peak due to
the presence of a monolayer of adsorbate.

With above definitions, let us consider a film of #» completed layers (in case of FM
mode). The Auger signal contributed by each individual layer is: I}’ (from the top

layer). 1\-(a?) (from the second top layer), -, lf:’—(aﬁ)“ (from the bottom

layer), etc. Therefore the sum of these terms gives the total Auger signal reaches

the analyzer, t.e.,
0= 1041 (@) o () v ()
or =1 [1-(aa) (- a2) (3.43)

1

and 1 =10 (1- ) (3.4.4)
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Combine equations (3.4.3) and (3.4.4), one gets (3.4.2). Similarly for the Auger

signal, I’ due to the substrate covered with n completed layers of adsorbate, one

has:
1 = () -1 (3.4.5)

Let 6, , denote the fractional coverage as the first layer forms, then the coverage

8, , during the formation of the first layer can be expressed as:

I, Ig-1"
=31 5 (0<8,,<1) (3.46)

0T y_ qmy
100

where I, and I, are the Auger peak signals corresponding to this coverage.

| R I I, -1
Similarly 8 ,=1+ 2= S __
2 l(‘) _ lfl] lf~) _ lf'l)
A A S 5

where 8, , is the fractional coverage as the second layer forms. We can generalize

above two formulae (3.4.6) and (3.4 .7) for the formation of the n-th layers, as

following:
— (m 1) _ i[n 11
— g A A — s 15 _
Bty oy =H- 14 [ g = n l+_—lm TR (n-1<86,, ,sn) (34.8)
A A s s

The equation (3.4 8) describes the endpoints of a series of straight lines, each
of which represents the growth of a single layer, changes of slope occur because
each successive adsorbate layer causes more attenuation. The curves from (3.4 8)
are shown in figure 9(a) which is called an AA-r plot. The breaks seen in the
figure are only discernible if the sticking coefficient is constant. For changing
values of the sticking coefficient with coverage the curves would be smooth and

would not display the breaks when a monolayer is completed.
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An alternative often used is to plot the ratio of the Auger peak intensities of

the substrate and adsorbate as a function of coverage (the so called I /1, -
plot). From equations (3.4.3) to (3.4.5) we have (3.4.9) and (3.4.10) for the first

two monolayers and generalized (3.4.11) for the n-th layers.

Iszlg”’—%(l—as“‘)-lA, (0<B8<1) (3.4.9)
m njd:? l(mdg
ls_[l‘ o + 1 M(l-ag)} l:l”’a:( a{;)]-IA, (l<B8<2) (3410)

et el 4] () e [5() 0 o).

where (n—-1<8<n) (3.411)

This kind of I, /1, —r plot will in general, also provide a series of curves with
breaks at each completed layer but the cusps are harder to detect than the breaks
in AA-¢ plots!!'?l

AES was used in this thesis 1o investigate the initial stages of thin film growth
by recording the Auger signals from both the adsorbate and the substrate as a
function of coverage (AA-7 plot). The plot of peak-1to-peak height versus the
adsorbate coverage (AA-7 curve) will show 2 series of straight lines with breaks
for FM mode (figure %a) and only one break followed by a smooth exponential

curve for SK mode (figure 9b) and no break but a smooth curve for VW model!?].
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Chapter 4. Results and Discussion

For abbreviations we will use the notations SP, BP, IP, and 2SP for Surface
Plasmon, Bulk Plasmon, Interface Plasmon, and double Surface Plasmon
respectively in this chapter and later discussions. Also introduced is the first-
pair which stands for the first peak (SP1-loss) and the second peak (BP1-loss) of
a plasmon loss spectrum.

First we will examine in detail a simple metal Al and a typical transition metal
Ta. The nearly-free-electron metal, such as aluminum, provides us an ideal and
easy system for studying plasmon effects because the cooperative excitations are
well defined and weakly damped. [t also gives us a chance to test the theoretical
descriptions of plasmon excitation and effects in the thin films and interfaces;
therefore aluminum was chosen to be studied first not only for practical reasons
but also in the hope that its simpler electronic structure would be an advantage to
understand the processes involved.

The pure aluminum (thick Al evaporated on a substrate metal), Nb (foil), Ta
(foil) and Mo (foil)'s EELS plasmon loss spectra had been taken as well as the
annealed AI/Nb system. The clean Sn, annealed Sn/Nb, Sn/Mo and Sn/Ta were
also studied by using the same techniques. The surface plasmon energies are
found to be 109, 102, 101, 1.5, 11.4 eV for Al, Sn, Nb, Ta, and Mo
respectively. Those energies are not the same but are close to the theoretical
values calculated from the formulae derived in section 3.2 (table 4) where the
surface plasmon is predicted to occur at AE,,/JE. Our experimental ratio
AE, / AE, is, respectively, 1.44, 1.36, 1 85, 1.62, 1.93 for Al, Sn, Nb, Ta and Mo:
these are close to the predicted ratio, 1 41, for Al and Sn but differ for the

transition metals
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For the vacuum-thin-film-metal sandwich's systems, the existence of the IP
was predicted by Ferrelli**], and similar prediction and experimental observations
in some semiconducting superlattice systems were given by Giulian and Quinn et
all7.63-6%) We studied the Al/Nb, Sn/Nb, Sn/Ta and Sn/Mo systems with the
results that the IP-loss shows clearly in Al/Nb fiilm and 1s observable in other
films. The IP-loss energies of AlI/Nb, Sn/Nb, Sn/Ta, Sn/Mo are found to be 16.5,
16.2, 15.8, and 15.6 eV Only the first two IP-loss lines are visible in the spectra

and we base our analysis on these first two peaks due to the signal intensities.

4.1 Characteristic EELS of Al and Ta

4.1.1 Al's characteristic EELS

In order to get the plasmon loss spectrum of clean aluminum, we grew an
aluminum film of thickness 30 A on the Nb substrate by thermal evaporation. The
thermal deposition rate was typically 1 A/s and the film deposition was controlled
by a quartz monitor.

Figure 10 shows the characteristic plasmon loss spectrum from a clean Al
surface using a beam of incident electrons of energy 601 ¢V and beam current 14
HA. A series of spectra at different incident beam voltages in the range 300-1500
eV were also taken; the comparison and discussion of these spectra are the topic
of next section; we will analyse only a single spectrum (figure 10) in this section

(i) the first-pair:

Our experimental results of clean aluminum show that the first BP- and SP-
loss features rise at 10.9 and 157 eV respectively and followed by six peaks:

220,266, 31.2, 421, 46.4, and 62.3 eV in the high energy loss region. From
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section 3.2 if the BP-loss has an energy of 15.7 eV then by substituting £=1 and
AE, = 15.7 eV into the formula AE = AE, /2, the theoretical SP-loss energy at
the interface (here it is the Al-vacuum interface) should be 11.1 eV. The facts
that the experimental measured BP- and SP-loss energies 15.7 and 10.9 eV are
very close to the predicted values 158 and 11.2 eV (table 4) provides good
support for the theoretical model!*?! discussed in chapter 3 for the case of the
nearly-free-electron-metal.

(ii) the high order loss peaks:

Table S lists the possible predicted plasmon peak positions along with the
experimental observed values. In order to check the plasmon loss peak positions
other than the firsr-pair which we just discussed, we need to find the possible
combinations made up of AE, and AE_, Instead of using the theoretical values
158 and 11.2 eV as calculated in section 3.2, we use our experimental observed
values 157 (BP-loss energy) and 109 eV (SP-loss energy) to build up the
combinations. The results are listed in column 3 of table 5. First, from table 5
column 3, one might expect to observe the integral multiple plasmon losses at
10.9(SP1), 157(BPI1), 21.8(2SP), 26 6(SPIBPI1), 314(BP2), 32 7(SP3),
37 5(SP2BP1), 42 3(SP1BP2) and 47.1(BP3), etc., but only the following peaks
show up: 10.9(SP1), 15.7(BP1), 26 6(SPIBPI1), 31.2(BP2), 42 I(SP1BP2),
46.4(BP3).

One result that can be seen clearly from table 5, is that the combinations made
up of integral multiple SP-losses are not observed, such as 37 5(SP2BPI) and
32.7(SP3); whereas the 2SP loss is seen as a shoulder instead of a real peak. We
would expect that triple or quartic SP-losses superposed onto the main BP-loss
would have very low relative intensities. The SP-losses are more likely to have

high intensities for a single loss that happens near the metal-vacuum interface
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while the main BP-losses may undergo some integral multipie losses deeper in the
interior. This observation is very helpful in judging the IP-loss lines in later
analysis of thin films.

Second, it can be clearly seen from figure 10 and table S that all the three
peaks containing the SP satellite's loss, labeled as a, d, f, appears exactly at 10.9
eV measured from their previous main BP peak position. These three peaks (with
SP satellites) can be decomposed as follows. a:10.9 (SP1), d:26.6=10.9+15.7
(SPIBP1), f:42.1=10.9+31.2 (SPIBP2), On the other hand, the multiple main
BP-loss peaks are not observed at exactly the expected positions nAE,,. These
three peaks b, e, g that are composed of only the BP-losses, do not show up at the
exactly intervals of 157 eV (the measured BP-loss energy corresponded to the
BP1-loss), instead, they show up (with shifts) at: 5:15.7 (BP1); e:31.2=15.5+15.7
(zBP2), g:46.4=15.2+31.2 (zBP3). If we take into account the lower intensities
of multiple SP-losses mentioned before imposed onto the main BP-loss, it may
give us one reason why the main BP-losses (other than the very first) suffer a shift
in position (from 5.7 to 15.5 and 152 eV).

Another cause of the shifting could be an oxide film on the aluminum surface.
This is not the case, since for an oxide aluminum surface the £ i1s not equal to 1
(vacuum) any more but some other value larger than 1. If one takes &= 365
(Stern et alt*4]) for the oxide surface, then the shifted SP-loss energy will be 7.1
eV which is consistent with Pireaux's XPS experimental result, 7.2 eVI2?l. But we
clearly do not see the 7.2 eV peak in our spectrum, so the shift is not due to the
oxide. In addition, the fact that the observed SP-losses do not show an oxide-
shift means that the aluminum surface is clean during the experiment, and on the
other hand this provides us with another method to monitor the possible

contamination on the surface especially oxygen and carbon
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The SP-loss energy 109 eV measured in our laboratory is close to the
predicted value 11.1 eV. The SP-loss energy obtained by Pireaux et all?®! by
using X-ray excited photoelectron spectroscopy (XPS) is 10.3 eV, and by

Seymour et all7% using EELS is 10.5 eV

Table 5. Plasmon loss positions of Al (eV)

Experimental Labels in Semi-theoretical Explanation of
Observed Figure 10 Combinations Column 3°
109 a 10.9 SP1
15.7 b 15.7 BP1
22.0t c 218 2SP
26.6 d 26 6 SPIBPI
31.2 e 31.4 BP2
no¥ - 327 SP3
no - 375 SP2BP1
42.1 f 423 SPIBP2
46.4 g 471 BP3

¥ 22 0: observed as a 'shoulder' in the spectrum.

! no: not observed in the spectrum.
* notations for column 3

SP: Surface Plasmon loss,

BP: Bulk Plasmon loss,

SPt: Single Surface Plasmon loss,

25P: Double Surface Plasmon losses,

SPIBPI: single Surface Plasmon loss imposed on & main Bulk Plasmon loss.



a: 1089 ]
E,=8601 eV
b: 157
c: 22.0
d:. 26.8
e: 31.2
f. 421
_ g 46.4
)
h=1
=]
=
D
&
)
i3]
-
~.
z,
-l
]
=
o]
n
=
[+
E
L] .
= :
a :
mj-f E:ooé e
g ! e dc b al| |o
-1 —1L |8 1 |
-80 -B80 —-40 ~-20 0

Energy Loss (eV)

Figure 10. Plasmon loss spectrum of Al using a beam of
incident electrons of energy 601 eV, where a, b, ¢, etc,,
are measured from the elastic peak position o; and the

surface plasmon satellites are indicated by 109

55



56

4.1.2 Dependence of the Plasmons Intensities

on the Electron's Primary Energy

The SP-losses would be expected to become more prominent, relative to the
BP-losses, as the incident electron's penetration decreases, or from figure 7 as the
incident electrons beam voltage decreases. Also, the probability of exciting SP's
increases with a decrease in the probability of exciting BP's for electrons moving
near the surface and the probability of exciting SP's should be proportional to the
electron momentum's component parallel to the sample surfacel?'l.

To study the SP- and BP-losses' intensity dependence on the electrons' primary
energy, Al was chosen due to its abundant and clear plasmon peaks. At several
incident primary energies E . Al's plasmon loss spectra, as shown in figure 11,
were taken for an experimental geometry with fixed angular orientation, so that
the influence on the intensities of the angular dependence of SP- and BP-loss
could be eliminated. Figure 12 shows the energy dependence of SP- and BP-loss
intensities, where (a) is the plot of the first-pair of SP- and BP-losses' intensities
versus the electrons primary energies; (b) shows the line-shapes of three typical
SP- and BP-losses for the first-pair (the whole spectra are given in figure 11); and
(c) plots the relative intensities of SP-loss to BP-loss versus the primary energies
{as labeled in figure 12-b)

It can be seen clearly from figure 11 that at low primary energies the dominant
peak is the SPl-line while for high primary energies it is the BP-lines that
dominant the spectrum most. Ailso observed is that when the primary energy
increases the number of multiple BP-loss lines increase due to the increase of
electron's penetration depth. Similarly results can be obtained from figure 12 (a)

and (b), where the SP-loss intensity is higher than the BP's when the primary
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energy is lower than 850 eV, and it becomes lower for energy higher than 850 eV.
The change point is at around 850 eV where the SP- and BP-loss almost have the
same relative intensities with the same result gotten from (c) as indicated by the
dashed line labeled as 0.0. That corresponding line-shape labeled as E =800 eV
is given in figure 12 (b).

The above observations can be attributed to the fact that the excitation process
is an extrinsic process (associated with plasmon excitation by the outgoing
electron) instead of an intrinsic process (where the excitation of the plasmon
occurs simultaneously with the creation of a hole), and to the fact that electron's
penetration depth is much shorter in low energy range therefore less BP-loss will
occur. The detected electrons may have crossed the surface twice which will
therefore raise the possibilities of the SP-excitation.

One would probably expect the same result for other higher order pairs of SP-
and BP-losses, since theoretically each detected BP-loss has a chance of being
accompanied by a SP-loss as the electron passes through the vacuum-surface
interface, therefore the BP-losses would be expected to show up with SP-satellites
and that is indeed observed. But the relative intensity of the second-pair, labeled
as R.1.{(2) in fig (c), shows something different from R I(1), which designates the
relative intensity of the first-pair. What we have is that when the primary energy
increases the BP-loss' intensity increases, while the SP-loss' relative intensity does
not decrease so quickly. [n addition in the second-pair both lines are expected to
be broader than the lines in the firsi-pair, besides the overlapping of these two
lines with the 25P-line will certainly also change their relative intensities. The
overlapping of nearby peak lines with a main BP-line accompanied by its SP-

satellite, makes the intensities study more complicated especially for the higher
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order losses where the overall intensities are themselves too weak to clearly

separate the SP- and BP-lines.

4.1.3 Plasmon Loss Line Shape

and Double Surface Plasmon Losses

Knowing the line shape of a single plasmon loss (example: from the analysis by
Hedini?2l and Pennl?31), one could predict the full spectrum of plasmon losses by
conveluting. Unfortunately since a real metal is so complicated or mathematically
so many parameters are involved, it is impossible to predict exactly the full
spectrum theoretically. Therefore instead of predicting the full spectrum people
usually try to fit the spectrum by changing the parameters based on some models.
As discussed in the previous section, the SP-satellite lines overlap with the BP-
lines, hence change the line shapes; so that the first step of fitting the spectrum is
to separate the SP-loss lines from the BP-loss lines.

Penn used a fundamental approach to caiculate the BP-loss line shape from
theory!?l; the line shape P(E.E') derived from the Lindhard dielectric function

g(w, k) was given as

. _ V(E) [ dk 1
PCE.E) = fer-[ k l"’[e(E-E',k)] @10

with [ [1/&w.k)]=wlwr/[(& -—w]) +(w1,)’] where w, is the plasmon
frequency for wave vector & =0, 7, 1s a measure for the lifetime which is related

to the line width of the plasmons.
A different expression of the plasmon energy distribution function was given

by Hedin!"2l as follows:



Energy Loss (eV)

Figure 13. Plasmon energy distribution function calculated with the

model of Penn [Exp. (4.1.1)] (dash line), the model of Hedin [Exp.
(4.1.2)] (solid line). In both cases hw, = 15.0 eV. Also shown is

the asymmetric Lorentzian (dot line) fitted to the curve of Hedini33]
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3 2
e [m (wr,) O(w-w,)

D,(E)=32- = (4.1.2)
" (u;i(upr

2 w
then this function was convoluted with a Lorentzian which has a line width

dependence on @, described as below:

MNw,)=09+3.25k’ 4.1.3)

hw, = ho, +3 01K’ (4.1.4)

where ['(w, ) is expressed in ¢V and k in A’ Attekum et ali3}l did a numerical
calculation of Hedin's function with fiw, = 15.0 eV (a typical BP-loss energy) and
compared the result with Penn's mode and asymmetric Lorentzian mode. Their
comparison of different modes for the plasmon loss line shapes is shown in figure
13133 which indicates that the Lorentzian line shape is a nice approximation for
the second and higher plasmon loss peak although it has little difficulty for the
first peak due to its symmetry.

To analyse the plasmon line shapes we use a simpler analytical expression —

the symmetric Lorentzian for computational reasons Therefore the n-th SP- or

BP-loss line P, is obtained as follows:

lI'I
P G LB @1

where E, is the bulk- or surface-plasmon energy, I_is the peak intensity, and I is
half of the FWHH (full width at half height). Due to the large uncertainty in the
background especially under the peaks near the primary energy, the background
correction was taken into account for the theoretical line shape analysis and was

approximated by:
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{E-E,)
BM(E):CI[I—qe s ] (4.1.6)

where E_ is the primary energy, ¢,. ¢,, and ¢, are parameters. Combine expression

(4.1.5) with (4.1.6) we have a fit-curve described by N(E) as follows:

N(E) = B,,..(E)+ D_P,(E) (4.1.7)

Since our original data is in the derivative form, dN(E)/dE, take the derivative of

above expression; that yields:

<,

. (F Ey) e ,
dN(E)de:(ﬁ.e r, ]‘ 21, (E-E,) /T,
[1+(E~E,/T,)]

Without losing the generality, the above expression can be rewritten as:

- (4.1.8)

K .Izul]_ m 2ln‘(E_En)/rn2
n-l[l+(E-En/rn)’]“

dN(E)/dE:p,-[sz-e h
where p,, p,, and p, are parameters to be fitted for the base line. Expression
(4.1 8) is the one we used for the curve fit; for case of aluminum m =7 (7 lines)
was used. The best values of the parameters for fitting the spectrum were
determined with a least squares fitting procedures!’¥l with the requirements that
the first two pairs of plasmon losses, including the 2SP-shoulder, should be fitted
best. The Lorentzian line shape is symmetric yet the real line shape may not be,
therefore the least squares fitting procedure was restricted a little bit. Even so
several nice fitted curves of EELS were obtained for clean Al (thick film), Ta foil,

and AI/Nb film.
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Figure 14 gives the best fit of figure 10 which is the Al's plasmon loss
spectrum with an incident energy of E, = 601 eV. The parameters used for the fit
are listed in table 6. In figure 14, (a) is the overlay of the data and its fit; where
it is hard to see which is which, so that the decomposition of the plasmon loss
lines is given in (b); part (c), the insertion in (b), shows the 2SP-loss line shape.
After background corrections were made as shown in figure 14(b), SP-loss lines
(SPn), labeled as 'SP LINES' were clearly discerned apart from BP-loss lines
(BPnj, labeled as 'BP LINES' graphically. The extra 2SP-line shown in figure
14(c) has to be introduced to fit the first- and second-pair as well as the shoulder
labeled as 'c’ in figure 10. Without introducing the 2SP-line one would get a nice
fit neither for the firsi-pair nor for the second-pair. Since the 2SP-line is sited
between the first two pairs, it will effect both pairs' line shapes even though it has
a weak intensity relative to the SP1-line. Another consideration was that the SP-
satellite peak lines, such as SP1BP] and SPIBP2, should also have lower
intensities. The relative intensity ratio for SP- and BP-lines is, respectively,

RY =L /ly, =023, R =l /1

=024, RP=1,,/1,, =044, and

SPIKPI HE

R{¥ =1,.,/1,, =037 The ratios in table 6 are the average values.

Several points are noteworthy. (i) the theoretical curve was fitted to the
original spectrum which was neither smoothed nor treated by any other pre-
treatment; (1) the 25P-line had to be introduced in order to get a nice fit; (iti) the
final fitted curve shown as solid line in figure 14(b) was the one after taking into
account of the elastic peak which changes the right tail of the SP1-linei’*!; (iv) the
base line presumably due to the inelastic scattering of the electrons other than the
plasmon excitations has to be included. The reliability of the above treatments

and results however are supported by the good fit obtained.
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Figure 14. Al plasmon losses lines. In (b), BP LINES are
the bulk plasmon losses. BP1+BP2+BP3, and SP LINES are
the surface plasmon losses: SP1+2SP+SP1BP1+SP1BP2. In

(¢}, 2SP is the double surface plasmon losses line.
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Table 6. Best parameter value for the plasmon loss of Al (E =601eV)

Line Name' |E (Semi-Th))| E(Exp.) | E.(Fitted) | I' (eV) 1,
SP1 10.9 109 10.9 3.1 1.00
BP1 15.7 15.7 156 35 1.05
28P 21.8 22.0 20.0 38 0.23
SPIBP1 26.6 26.6 25.7 4.0 0.25
BP2 314 31.2 31.7 43 0.46
SP1BP2 423 421 41.7 4.4 0.06
BP3 47.1 46 .4 46.9 45 0.17
Base Line p/l =610% p. =140 p, =300

Intensity Ratio R,=0.24 R, = 0.41 R,/R, =0.59

4.1.4 Characteristic EELS of Ta

The Ta's characteristic plasmon loss spectrum was obtained in the same way as
described in above section with the exception that the Ta foilt’¢] was used. The
spectrum, obtatned by using a beam of primary energy of 503 eV and beam
current of 15 uA, is shown in figure 15 The SP- and BP-loss energies measured
from the spectrum are found to be 11.5 eV and 18.6 eV respectively and they are

lower than the theoretical values of 13.9 eV and 19.6 eV, that can also be seen

TMcaning of the symbols is given in the text.
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from the ratio AE,/AE =1 6 instead of the predicted 1.4. Similar results (12.5,
20.5 eV, and AE,/AE =1 6) were also gotten by Schubert!’} et al. The possible
combinations made up of 13.9 eV and 19.6 eV (the predicted values) are listed in
table 7.

The plasmon loss spectrum of Ta (figure 15) has many features in common
with those we get for Al (figure 10). First the order of appearance of the
plasmon-losses’ combination is exactly the same for both metals with the SP1-line
comes first followed by BPl-, 2SP'- (or SPIBPI1-), BP2-, and SPIBP2-lines
These peaks are labeled as a, b, ¢!, d, e respectively in the figures and their
corresponding tables. For the SP-loss (or SPIBPI1-loss) at 2SPY (¢t), it only
shows a shoulder instead of a real peak in both spectra but the important
information we get is that the 2SP' (¢') 'shoulder/peak’ is much clearer in Ta's
spectrum than in Al's. That agrees with the fact there does exist the possibility of
high order SP-losses even though they have much lower intensities than the single
SP-loss.

The particular rich structures of the Ta' EELS are worthy of more
examinations. Line shape analysis of figure 15 was studied by using a Lorentzian
line shape fit; the first two pairs of S lines were fitted (m =35 in expression 4.1 .8).
The best parameters of fitting are listed in table 8 and the fit curve along with the
components of the BP-, SP-, and Base-lines are shown in figure 16 After careful
examination of the SP-lines apart from the BP-lines it becomes clear that the
shoulder tabeled as '¢' in figure 15 is indeed due to the double-SP-loss; the same

result gotten for the case of Al
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Figure 15. Plasmon loss spectrum of Ta using a beam of
incident electrons of energy 503 eV, where a, b, ¢, etc.,

are measured from the elastic peak position o.
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Figure 16. Ta plasmon losses lines. Where BP LINES are the
bulk plasmon losses: BP1+BP2, and SP LINES are the surface
plasmon losses: SP1+25P+SP1BP1. In (a), 2SP is the double

surface plasmon losses line; (¢) is the data and fit.
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Table 7. Plasmon loss positions of Ta (eV) (E, = 503eV)

Experimental Labels in Theoretical Explanation of
Observed Figure 15 Predicted Column 3°
11.5 a 13.9 SPt
186 b - l96 BP1
295t c 27.8 2SP
29 5t c 33.5 SP1BPI
38 6 d 392 BP2
not - 417 SP3
no - 47.4 SP2BP]
48 .5 e 53.1 SP1BP2

Table 8. Best parameter value for the plasmon loss of Ta (eV)

L.ine Name E(Th)) E (Exp.) E (Fitted) I',(eV) I,
SP1 13 9 11.5 11.1 5.4 1.00
BPI 19.6 18.6 19.1 6.0 .70
2SP 278 295t 26.7 6.2 0.33

SP1BPI 335 295t 26.7 6.2 0.33
BP2 39.2 38.6 38 4 6.3 0.53
SP1BP2 531 485 48 6 6.9 0.66
Base Line p /1, =15% p, =0.89 p, =50
Intensity Ratio | R =1,,/1y, =033 |R, =1,,/I,,=031| R,/R, =11
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.o and ! . same as in table 5.
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Due to the interband transitions*2-4¢] the higher order plasmon loss lines are
expected to broaden and that will consequently shift the line position because of
the overlapping of nearby SP-satellite’s line with BP-lines. That effect, especially
for the line 2SP is indeed observed in the Ta's spectra (figures 15 and 16). The
other observations, that the higher order plasmon loss peaks show position shift,
were also reported by Simmons and Scheibnerl4%)in other transition meltals such as
Titanium, Vanadium, and Chromium. It is clear that in the transition metals the
special effects contributed by the d-band electrons must be taken into account in
order to get a complete theoretical description. Even though, the semi-classical
theory still provides us a very reasonable guide for the plasmon loss line studies.

It can be concluded that the characteristic energy loss spectrum for Al (Ta) in
the range 0-32 eV (0-49 eV) is composed of at least five plasmon loss lines
including the double-SP-loss line. Nice agreement between theory and experiment
is obtained for Al and moderate agreement for Ta. For the case of Al a free
electron model is a good approximation. While for the case of Ta, which is a
transition metal, it is difficulty to separate the terms in expression (3. 2.2) as well
as to distinguish between density of the free electron and the more tightly bound
core electrons and to calculate interband transitions. This may account for the
observed result that the relative peak height of ‘¢’ (BP2) is much higher than ‘¢’

{SP1BP2) for Al but opposite for the Ta.
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4.2 EELS of Al Films on Nb

In our experiment we did observe the IP-loss peaks (IP1-, SPIIP1- and IP2-
loss peaks) for the annealed AI/Nb films; the measured 1P-loss energy is 16.5 eV
in average that i1s slightly less than the semi-theoretical value of 17.3 eV, using
our experimental measured BP-loss energy 157, 187 eV for Al and Nb
respectively, and the predicted value 17.8 (table 4). We choose AI/Nb to
investigate first because of some interesting characteristics of this system. Both
elements exhibit nearly the same atomic radius, but crystallize in different
structures, aluminum crystailizes in the fcc structure whereas niobium is a bce

metal.

4.2.1 Plasmon Loss Spectrum of Pure Niobium

Before analyzing the AI/Nb system, first we take a look at the Nb's
characteristic plasmon loss spectrum, since Nb is used later as the substrate.
Niobium foil was used to get its plasmon loss spectrum which is shown in figure
17. The very first SP1-loss peak shows up at 101 eV followed by the BP1-loss
peak 18.7 eV. For comparison, Schubert and Wolfl7¢l obtained experimental
value of 9.6 and 20 8 ¢V The possible combinations made up of 19.6 eV and
13.9 eV (the predicted values, table 4) are listed in table 9 The orders of the
appearance of the plasmon loss peaks are exactly the same as those of Al and Ta
discussed in previous section. We will use figure 17 as our reference spectrum of

clean Nb when we study the annealed Al/Nb system in the following section.
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Figure 17. Plasmon loss spectrum of Nb.

Table 9. Plasmon loss positions of Nb (eV)

Experimental Labels in Theoretical Explanation of
Observed Figure 17 Predicated Column 3°
10.1 a 13.9 SP1
18.7 b 19 6 BP1
not - 27.8 2SP
33.4 ¢ 33.5 SPIBP1
40.1 d 392 BP2

.and I: same as in table 5
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4.2.2 Interface Plasmons of Al/Nb Films

Al layers of various thicknesses were grown on Nb at room temperature and
annealed at stepwise increasing temperatures up to 1500 K for about 100 seconds.
The orientations of the films were fixed during the anneals, so the influence of
geometry on the EELS measurements could be ignored. Figure 18 and 19 show
the spectra of the annealed AI/Nb film where in the figure 19 only the spectra
within the energy range of the SP)-, IP]-, and BPl-losses are shown, and in
figure 20 the whole spectra of fresh Al, three of Al/Nb, and clean Nb are shown.
As shown in the above figures, when the anneal temperature increase and the
overlayer changes; the plasmon loss spectrum of the system (initially labeled as
'Fresh Al' in figure 19 and 20) shows line shape changes and in addition the
plasmon loss energies shift, when the temperature reached 1400 K, the spectrum
becomes characteristic of the Nb surface (labeled as 'Clean Nb' in the figures).
The fact, that the multiple plasmon losses overlap with the near by peaks and
therefore change the peak shape, as discussed before, makes the analysis and peak
position measurements more difficult. We will concentrate on the second loss
peak in the following discussion. The peaks indicated by the arrows in figure 19
clearly show the plasmon energy shift starting from the fresh Al's BP1-loss of 15.7
eV to some new values among 16.0 eV ~ 17 5 eV and finally to the clean Nb's
BP1-loss of 18.7 eV. In figure 20 both peaks of 16 4 eV and 16.7 eV indicated
by one-direction arrows are expected to be the IP-losses Those values are about

5% less than 17.3 eV which is the semi-theoretical IP-loss energy of Al/Nb
calculated from expression (3.2.10) by using AE,,,,=157eV and

AE,, s, =18.7e¢V_ The second group of the loss peaks also show clearly peak

shape changes as indicated by the two-direction arrow in figure 20 Figure 21,



75

which shows the Lorentzian fit of an AI/Nb spectrum, suggests that these twin
peaks are probably the IP2- and SP1IP1-loss lines. The expected IP-loss peak
positions are also indicated by the dash lines which are labeled as 16 4, 27 3, and
32.8 in figure 18 The other strong evidence of supporting the interpretation of
the observed intermediate peaks being the IP-losses is the consequence of the
vanishing of the higher order plasmon loss lines (labeled as 'Al-high’ in figure 20).
Those higher order plasmon loss lines can be clearly observed in both the Al and
the Nb's characteristic EELS spectra. During the anneal these lines also show
drastic line shape changes, especially their peak heights. From inspections of the
middle three curves labeled as "Al/Nb' in figure 20, it is obvious that those higher
order plasmon loss lines are almost unobservable in the high energy loss region.
It is also at this time that the first two pairs of the IP-losses become visible in the
spectra (labeled as 16.4 and 16.7 for the first-pair and indicated by the two-
direction arrow for the second-pair). This kind of curve change, that the IP-loss
lines start to show up (only) when the higher order plasmon loss lines vanish from
the spectrum, is also observed in other films such as Sn/Nb, Sn/Mo and Sn/Ta In
later discussions of those films we will use this feature as an evidence for judging
if the intermediate loss peak is due to an IP-loss of the film or to a BP-loss of the

substrate.
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To get a deeper understanding of the intermediate loss spectra (some of the
lines are interpreted due to the IP-losses of the AI/Nb film), the spectrum was
decomposed into the individual loss lines using the Lorentzian line shape
technique. The corresponding decomposed spectrum is given in figure 21, and the
best parameters for fitting are listed tn table 10. In table 10, column 2 gives the
combinations made up of 11.2 and 17 .8 which are the predicted values, column 3
gives the combinations made up of 10.9 and 164 those are the semi-theoretical
values, and columns 4, 5, 6 and the row Base-Line give the values determined
from the curve fit. We see that the fitted values for the E_ for the second pair of
peaks (column 4) are within a few percent of the calculated values in columns 2

and 3; so we ascribe this pair of peaks to the double losses SP1IP1 and IP2.

Table 10. Best parameter value of the Lorentzian line fit

for the EELS of the Al/Nb film (E, = 501 eV)

Line Name E (Th) E.(Semi-Th.) | E (Fitted) I' (eV) I,
SPi 11.2 10.9 109 33 1.00
IP1 17.8 16 4 16.4 48 1.35

SPIIPI 290 273 26.2 6.2 033
1P2 35.6 328 334 6.2 038
Base Line p1/1,=0.64% Pr=16.6 p=123




IP,=18.4 eV
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Figure 18. The full spectra of Al/Nb film, zoom-view of

the first-pair plasmon losses is given in figure 19.
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beam of incident electrons of energy 501 eV. The film was
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treated by taking into account the elastic peak.
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4.3 Sn Films on Nb, Ta, and Mo

Sn films on Nb, Mo, and Ta have been studied. This section is organized
according to the substrate used In each subsection, the study of the thermal
stability of the film is presented first, followed by the discussion of the EELS of
the fitm. One point worth pointing out is that some of the loss peak values
mentioned in this section are measured from their corresponding dominant loss
peak, i.e., the SPl-loss peak. If not thus specified, the value has the common
meaning and is measured from the elastic peak position.

Before the discussions of the films, let us take a look at the EELS of the Sn
The characteristic plasmon loss spectrum of Sn (a 6. 0 ML film) is given in figure
22; the corresponding BP- and SP-loss lines' composition are listed in table 11
Our results show that the first BP- and SP-loss features rise at 10.2 and 13.9 eV
respectively and followed by the 25.9 and 39.0 eV peaks in the high energy loss
region. The results, 10.2 and 13 9 eV for BP- and SP-loss energy, are reasonably
close to the predicted values of 8 96 and 12 7 eV (table 4) although the agreement
is not as good as in case of Al. The double and triple BP-loss peaks (259 and
39.0 eV) are within a few percentages (< 2 5%) of the theoretical values. For the
shoulder labeled as ¢ in figure 22, it is hard 1o decide whether to attribute it to the
25P-loss or to the SPIBP1-loss, or to a combination of both of these. The above
observation is reasonable, since the theoretical values for these two peaks, 17.9
and 21 7 eV, are close to each other (table 11, column 3), and the observed value
20.2 eV is between them. The theory discussed in section 3.2 is perfect for
nearly-free-electron metals (such as Al); even though it is not so perfect for other

metals (example: the transition metal Ta), it still provides us a very reasonable



Plasmon Signal dN/dE (arb unitis)

H | 1
—-B80 -80 -40 -20 o 20
Energy Loss (eV)

Figure 22. Plasmon loss spectrum of Sn.

Table 11. Plasmon loss positions of Sn (eV)

Experimental Labels in Theoretical Explanation of

QObserved Figure 22 Combinations Column 3°
10.2 a 8.96 SP1
13.9% b 12.7 BP]
2027 c 17.9 2SP
20.2% c 21.7 SPIBPI
259 d 254 BP2
no! - 25 9 SP3
no — 3.6 SP2BPI
no - 39.0 SP1IBP2
39.0 e 38.1 BP3

. . ¥ and I: same as in table 5.
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guide, For exact agreement, this means that each individual metal needs its own

careful theoretical description due to the different electronic structures.

4.3.1 The Sn/Nb films

4.3.1-1 The Thermal Stability

Sn layers of various thicknesses were grown on Nb at room temperature and
annealed at stepwise increasing temperatures up to 1500 K for about 100 seconds.
The films' orientations were fixed during the anneals therefore the influence of
geometry on the AES peak intensities could be ignored. The Auger amplitude
changes of both Sn 430 eV and Nb 161 eV transitions during the processes are
presented as a function of annealing temperature; in the hope of that they will
provide us information about the films' thermal stability and the possibility of
compound formation or alloying. The Sn films were examined by using AES in its
derivative form dN(E)/dE.

The results are given in figures 23 to 27 Figures 23 and 24, which are
pretreated by the smooth technique mentioned in section 2.5.2 with a smooth
range of 101 points, are the plots of several selected Sn and Nb Auger peak
shapes during the anneal of a 4 5 ML Sn film. Figure 25 shows the AES peak
heights as a function of annealing temperature for a 4.5 ML Sn film on Nb, an
eye-aide line is drawn just for easily view reason, and figure 26 shows the effects
of temperature on the Nb and Sn AES signal intensities for several Sn film
thicknesses

From inspection of figures 25 and 26, stepwise changes of Auger peak signals

for both Sn and Nb are evident. From figure 26 it is clear that the AES signals of
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all the films studied show similar thermal stability and changes. Above 1500 K
the Sn's AES signal is not detectable. The anneal can be observed as a four-stage
process described as follows (figure 25):

(i) the first stage: starts from 300 K extends up to 900 K.

In this region the Sn adlayers are fairly stable. Clearly the AES signals are
almost the same at temperatures 300 K and 950 K (figures 23 and 24).

(ii) the second stage: from 900 K to 1170 K.

The Sn's AES amplitude first shows a little increase followed by a sharp drop
beginning at approximately 1040 K and continuing until 1170 K. The little bump
in the second stage is probably due to an initial disordered (3D-islands) type
growth of the film, else more the Sn atoms are inferred to be moving laterally
across the sample surface since the sample sides could not be dosed due to sample
mounting constraints. Another possible reason for this little increase could be due
to the introduced impurities during the deposition of Sn, but our AES finger print
did not show any evidence of impurity. So we attribute this initial slow increase
to the rearrangement of the Sn atom adlayer, which presumably decreases the
number of islands, therefore causes the increase of Sn adlayers' AES signal (in
plain language., we may call this effect 'surface smoothing') A detailed
investigation of the growth mode of the Sn films on Nb is given in section 4 4
Following that is a drastic change of both the Sn and Nb AES signals, starting at
1015 K. The rapid drop of Sn AES signal at point 1015 K may due to the
formation of either the 3D-clusters of film or to the alloying of the Sn film with
the Nb substrate and formation of an ordered Nb-Sn structure.

(iii) the third stage: from 1170 to 1250 K.

In this plateau stage, the decrease of Sn's AES signal is much slower than in

the second stage and the Nb's AES signal is almost unchanged during the anneal.



If we consider that the rapid drop in the previous stage represents the start of
alloying then the corresponding relatively stable surface alloy may account for the
thermal stability of this region.

(iv) the last stage: from 1250 up to 1500 K.

Another drastic reduction of Sn AES signal, accompanied by a slow increase
of Nb AES signal, is observed in this stage. Those are due to the alloy
decomposition with fast Sn desorption and interdiffusion that occurs above
temperature 1250 K.

Very similar four-stage annealing behaviors are also observed for different Sn
films thicknesses (1.2, 3.0, 4.0 ML). The results are given in figure 26, where to
avoid confusion, no eye-aide lines are drawn. Figure 26 shows a systematic shift
to higher temperatures as the thickness of the film increases. In a thicker film
there are more Sn atoms, so at a given temperature more time is required for each
rearrangement of the structure. The mobility of atoms increases rapidly with
temperature, therefore the break point, for changing from the first stage to the
second stage, shifts to a higher temperature as the film's thickness increases.
Similar temperature-shift effects are also observed for the other three stages from
the same figure. The above observations are consistent with Dickey et al's earlier
studies of the superconducting properties of Sn films on Nbl4l

The annealing effects on the magnitude and the energy of the films’
characteristic plasmon losses (EELS) were also investigated with the results
shown in figure 27, where the upper (lower) part shows the annealing effect on
the first two loss amplitudes, the initial coverage being used as a parameter. In
the lower temperature region (<900 K), both loss amplitudes show a flat

behavior, which is the same as that shows in the plots of the AES heights (the first
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region in figure 25). That feature supports the interpretation of the first stage
The SP-loss shows behavior similar to figures 25 and 26, which gives us further
evidence of the four-stage anneal process' interpretation, especially for the second
stage (the stage with the little bump in figures 25 and 26). In figure 27, similar
bumps also show up around the same temperatures as in the figures 25 and 26.
Since the SP1-loss is very sensitive to the surface and our interpretation was that
the bump corresponds to the removing of the disordered islands and the
rearrangement of the surface layers, the changes of the SPl-loss heights are not
surprising.

Overall by carefully investigating the changes in Auger signals of both the Sn
and Nb, we can get some information concerning structure changes of the film and

possible alloying during anneals.

4.3.1-2 Interface Plasmons of Sn/Nb films

Interface plasmon losses are observed in Sn/Nb films. The experimental IP-
loss energy is detected at 16.2 ¢V and 15 very close to the predicted value 16 5 eV
(table 4).

Our EELS resuits of a 4 5 ML Sn/Nb film during the anneal are given in
figures 28-30. For comparison and completion, the whole spectra of the Sn/Nb
film are given in figure 28. In figure 29, which is the gzoom view of the first-pair
of the plasmon loss, the arrows indicate the plasmon loss line shape changes
during the anneai. In figure 30, the symbolized shoulders, IP1, are the expected
IP1-loss peaks, and the SPI1IP1 peaks labeled as 163 and 161 are clearly
observed In figure 30, in contrast to the case of A/Nb film, we did not observe

the IP1-loss line as an individual real peak but just as a shoulder. The reason may
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be that the relative intensity of IP-loss line is much lower than the SP-loss lines'
and the IP1-line is buried inside the SP1-loss peak. The amazing thing is that
even though we do not observe the individual IPl-loss peak we still see the
satellite-accompanied SP1IP1-loss peak which appears at 16.3 and 16.1 (measured
from the first loss peak). The 161 and 16.3 eV lines are attributed to the
SP1IPI-losses, owing to the fact that the higher order loss peaks (labeled as 'Sn-
high' in figure 30) in their corresponding spectra are totally vanished. By judging
in the same way, we interpret that the 19 4 eV loss line is due to a BP-loss in the
Nb substrate instead to an 1P-loss of the Sn film, since the higher order loss lines
are visible in the corresponding spectrum (labeled as 'Nb-high' in figure 30) In
figure 28, the expected IP1- and SPI1IP1-loss line positions are pointed by the
dash lines marked as 162 and 26 .4 which are measured from the elastic peak
instead of the SP1-loss peak.

During the growth of Sn films on Nb, the EELS measurements were also
made. Figure 31 shows a few typical spectra of the characteristic energy loss of
the electrons bombarding the Sn/Nb film with an energy of E, = 50l eV, where the
Sn's coverage is taken as a parameter for the curves. The insertion part is the plot
of the dependence of the dominant loss peak heights on the coverage. The effect
of coverage variation on the magnitude and energy of the characteristic losses can
be observed. Besides in the curve symbolized as 0.3 ML the extra structure,
which i1s more likely due to the related IP-loss, is clearly viewed. At a coverage
higher than 1.5 ML the spectrum becomes the characteristic EELS spectrum of

the bulk Sn.
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4.3.2 The Sn/Mo Films

4.3.2-1 Thermal Stability

Exactly the same measurements as those for Sn/Nb films were also made for
the Sn/Mo films. Sn layers of various thicknesses were grown on Mo at room
temperature and annealed at stepwise increasing temperatures up to 1500 K for
about 100 seconds. The Auger amplitude changes of both Sn 430 ¢V and Mo 186
eV transitions during the anneals are plotted as a function of temperature. The
films were studied in AES' derivative form.

Figures 32 through 36 present the corresponding results  Figures 32 and 33
are the plots of the Sn 430 eV and Mo 186 eV Auger line shapes during the
anneal of a 6 0 ML Sn film on Mo Figure 34 presents the AES peak heights as a
function of annealing temperature, in fact that this figure is a zoom view of figure
35 (section a) of the 6.0 ML film. The temperature effects on the Sn and Mo
AES signal intensities for several Sn film thicknesses are given in figure 35. Also
given is the annealing effect on the first-pair loss intensities for two thicknesses
films (figure 36) Stepwise changes of Auger peak signals for both the Sn and Mo
are evident by inspecting figure 34 and 35 As can be seen from figure 34 (or
figure 35 section a), for the thick layer (6 0 ML), the major changes in the Auger
signals of both Sn and Mo may be divided into four stages: 300 to 800 K, 800 to
1120 K, 1120 to 1190 K, and 1190 to 1400 K (in fact that the first and second
stages are not well separated) No AES signal of Sn was detected above 1400 K.
The AES signals of all the films show similar thermal stability and changes in
figure 35, even though it is hittle hard to see that for the very thin film (0.9 ML)

We now examine the four stages one by one (figure 34).
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(i) the first stage: 300 K to 800 K

The Sn adlayers are fairly stable in this region. This becomes apparent by
inspecting figure 32 and 33, where both the AES signal heights of the Sn (430 eV)
and the Mo (186 eV) are nearly unchanged from 300 K up to 728 K.

(ii) the second stage: 800 K to 1120 K.

The second stage can be attributed to the simple coalescence of islands into a
continuous layer (rearrangement to a new structure) The Sn's AES amplitude
first shows a little increase starts at around 970 K, followed by a sharp decline
beginning nearly at 1030 K and continuing untif 1120 K. We interpret that the
little bump in this stage is due to the smoothing of initially disordered islands on
the substrate. Since no evidences of impurities were viewed in the AES finger
prints during the anneal, the rearrangement of the Sn atom adlayer s the preferred
interpretation. The rearrangement presumably decreases the number of islands,
which in turn causes the increase of the AES signal of the Sn adlayers.
Succeeding the bump are the extreme changes of both the Sn and Mo AES signal
starting at 1030K. The alloying of the Sn film with the Mo substrate and
formation of an ordered Mo-Sn structure or the loss of Sn by vaporisation may be
the possible reasons which cause this hasty drop of the Sn AES signal.

(iii) the third stage 1120 to 1190 K.

in this stage, both the Sn and Mo’s AES signal shows an almost flat behavior,
where a little decrease (increase) of Sn's (Mo's) signal is observed. If we attribute
the hasty drop in the prior stage to the beginning of alloying, then the
corresponding relatively steady surface alloy may account for the thermal stability
of this region.

(iv} the forth stage: 1190 up to 1400 K
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The clearly visible feature in this region is the bold reduction of Sn's AES
signal, accompanied by a very slow increase of Mo's AES signal. The explanation
for these changes is most likely due to the alloy decomposition with quick Sn
desorption and interdiffusion that occurs above 1200 K.

For comparison and completion, different Sn films thicknesses (2.7 and 0.9
ML) were also analyzed and the results are shown in figure 35  Four-stage
annealing behaviors are also observed in these films. When the thicknesses of the
films increase, the curves show systematic shifts to higher temperatures. The
thicker the film the more the Sn atoms, consequently the more time is required for
each rearrangement of the structure at a given temperature. Since the mobility of
the Sn atoms increases exponentially with temperature, the shift of the break
point, for changing from the first stage to the second stage, is expected. The very
thin film, (0.9 ML), probably does not correspond to a complete layer of Sn on
the Mo, and so is a special case and does not reveal all the four stages so clearly
(figure 35 section ¢). The above observations are very similar to the Sn/Nb films
which were just discussed.

In order to get confirmation of the former descriptions about the anneal
process, the annealing effects on the magnitude and the energy of the EELS were
also examined The EELS results are shown in figure 36, where the initial
coverage i1s used as a parameter of the plot. In each section of the figure, the
upper {lower) curve corresponds to the annealing effect on the first loss (second
loss) of the first-pair loss peaks. A very flat behavior of both the loss amplitudes
is observed in the lower temperature region (<800 K), which is consistent with
the observation of the AES plots (the first region in figure 34 and 35) that no
changes occur at these low temperatures. In the higher temperature region

(> 1200 K), where the desorption of the Sn happens, the amplitude of the second
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loss peak increases with the temperature. The above observed features provide us
other evidences for the previous interpretations of the first stage and the last
stage. The SP1-loss shows behavior similar to figures 34 and 35, which gives us
further support for the four-stage anneal process' interpretation, especially for the
second stage (the stage with the little bump in figures 34 and 35). In figure 36,
these bumps, indicated by the two-direction arrows with the corresponding
temperatures, can be clearly viewed. One would expect that the SP1-loss be very
sensitive to the surface and if the little bump corresponds to the removing of the
disordered islands and the rearrangement of new structures, the changes of the
SP1-loss heights confirm the earlier interpretation of this stage. However, the
SP1-loss heights do not show so clear behaviors as that observed in the AES plots
at the two end regions, since one end (at lower temperature) of the SP|-loss plot
corresponds to the Sn's dominant peak while it is the Mo's SPl-loss that
dominates the spectrum on the other end (at higher temperature). Overall, figure
36 provides a side evidence for the anneal process just discussed, and confirms the
interpretations of the first stage where nothing happens, the second stage where
the structure changes, and the last stage where the loss of the Sn happens. In the
next section we examine the EEL spectra in detail.

One point worthy to mention is that very similar results are obtained for the Sn
films on Nb and Mo. The Sn films go through the same sequence of changes
although at slightly lower temperatures for Mo than for Nb  The similarity is not

unexpected since Nb and Mo are neighbours in the periodic table and their

electronic configurations differ by just one d electron (Nb: 45°4p°4d*Ss', Mo:

4s'4p°4d’ 55')
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4.3.2-2 Interface Plasmons of Sn/Mo films

(i) EELS of Mo. The characteristic EELS of the Mo (foil)l'¢l is shown in
figure 37; the relevant BP-loss, SP-loss, and the possible combinations for
multiple losses are enumerated in table 12. Exactly the same techniques are used
with similar experimental parameters as for the earlier metals. Our results bear
out that the first BP- and SP-loss features rise at 11 4 and 22 0 eV separately and
followed by the 44 3 and 67 2 eV peaks in the high energy loss region. Unlike the
previous metals the spectrum does not have a shoulder to the right of the BP2-
loss peak (labeled as ¢), however this peak is unusually broad which may imply
the existence of hidden 2SP- and SPIBPIl-losses. The values predicted by the
simple free electron model are 16.3 and 23 1 eV for SP- and BP-loss respectively.
The values for the bulk plasmons are close, however for Mo, while the observed
SP1 values are smaller than predicted.

(ii) Interface plasmons of Sn Mo films: Interface plasmon losses are observed
in Sn/Mo films as well. The experimental IP-loss energy is 15.6 eV in average
and is reasonably close to the calculated value 18.6 eV (table 4).

Our EELS results of a 6.0 ML Sn/Mo film during the anneal are given in
figures 38-40. For comparison, the intact spectra of the Sn/Mo film during the
anneal are given in figure 38, where the anticipated IPI1- and SPIIPl-loss
positions are pointed out by the dash lines marked as 156 and 25 8 which are
measured from the elastic peak. In figure 39, which is the zoom view of the first
two pairs of the spectra, the series of arrows (labeled as 'A’, 'B', and 'C') indicate
the line shape changes during the anneal. The arrows 'A’ indicate the changes of
the shoulders, which are classified as the Sn’s BP1-loss. The arrows 'B' designate,

respectively, the line shape changes of the 2SP- (or SPIBP1-) loss of the Sn, the
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2SP-loss of the film and the BPl-loss of the Mo The arrows 'C' point the
changes of the BP2-loss of the Sn and the SP1IP1-losses of the film. The same
sequence of the changes is also symbolized separately as ‘A’, '2SP’, and 'BP2' (also
'SP1BP1') in figure 40, where several typical spectra during the anneal are shown.
The detailed description of the loss lines and their corresponding explanations are
given as follows:

ii-1) The Sn's EELS spectra (the first two curves in figure 40):

Certainly, the first curve is the Sn's characteristic EELS, where the two
shoulders labeled as 'A' and '2SP' are attributed to the BPI1- and 2SP- (or
SPIBPI1-) losses. The second curve is also very similar to the Sn's characteristic
EELS, since the higher order losses (indicated by 'Sn-high'), as well as the two
shoulders, especially the one labeled as 'A', are all clearly seen in the spectrum.
The BP2-loss is higher in the first curve, which is the spcectrum of the fresh film,
than in the second one, which corresponds to an annealed film. On the contrary,
the 2SP-shoulder becomes even clearer in the second than in the fresh one.
Because of the migration of Sn atoms, when the temperature increases the film
becomes thinner, consequently the BP-losses become weaker while the SP-losses
presumably remain unchanged, as a result of the fact that the intensity of the BP-
loss depends on the film thickness, whereas the SP-loss intensity is independent of
the thickness. In addition, this observation also strongly supports the
classification of the second shoulder as a SP-loss related (symbolized as '2SP’),
even though it is a little hard to decide whether attribute it to the 2SP-loss or to
the SPI1BPI1-loss or to both of them (table 1] row 4 and 5).

ii-2) The interface plasmons (the third and the forth curves in figure 40):

In the third and the fourth curves, new structure is apparent. We interpret that

the peaks, 15.5 and 15.7, are due to the SP1IP1-losses of the film  An evidence
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for this categorizing is that neither the Sn's nor the Mo's higher order plasmon
loss lines are visible in the spectra. The other evidence is that the shoulder
labeled as 'A’', which is classified as the BP1-loss of the Sn, is not observed in
these two curves. In contrast, the 15 7 peak, especially the 16.0 one (in the first
two curves), is attributed to the Sn's characteristic BP2-loss line instead of the
SP1IP1-loss of the film; because as just discussed, both spectra are similar to the
Sn's characteristic EELS.

The other peaks marked as '2SP' are attributed to the 2SP-loss of the film.
This loss peak is higher in the fourth curve, which corresponds to an annealed fiim
at higher temperature, than in the third one, while the corresponding SP1IP1-loss
line behaviors just in the opposite way  As the temperature increases the
thickness of the film becomes thinner due to lose of Sn atoms, so the height of the
SP1IP1-loss, which likely depends on the thickness of the film, decreases. On the
other hand the height of the 2SP-toss, which presumably is independent of the
thickness, remains unchanged

Now back to figure 38, if the above interpretations about the IP-losses of the
film are accepted, then the question why the IP1-loss is not observed, could be
answered as follows. As one can clearly see in the figure, the anticipated IP1-loss
line lies near the valley of the SP1-loss line which unfortunately has a much higher
intensity and consequently buries the expected IPl-loss line. Similar observations

are obtained for the Sn/Ta fitms which will be discussed next.
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Table 12. Plasmon loss positions of Mo (eV)

Experimental Labels in Theoretical Explanation of
Observed Figure 37 Combinations Column 3°*
11.4 a 16.3 SP1
22.0 b 23.1 BPI
no? - 32.6 2SP
no — 39 4 SPIBPI
44 3 C 46 2 BP2
no - 48 9 ISP
no - 62.5 BP2SP]
67.2 d 69.3 BP3

] .
and b same as in table 5.
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4.3.3 Interface Plasmons of Sn/Ta films

We also analyze the EELS of Sn/Ta films and the probable interpretation of
the plasmon loss features is presented. The experimental measured IP-loss energy
is 15.8 eV in average which is very close to the calculated value 16 5 eV (table 4).
The SP1IP1-loss manifests itself as a real peak, while the IPi-loss line is faintly
visible, presumably it is buried by the SP1-loss or the 2SP-loss or both of them.
The SP1IPl-loss lines are recognized and interpreted by using the same judgment
as that used for other films, i.e_, the loss lines are distinguished as the relevant IP-
losses only when neither the Sn's nor the Ta's higher order plasmon loss lines are
visible.

Sn layers of various thicknesses were grown on Ta at room temperature and
annealed at stepwise increasing temperatures up to 1500 K for about 100 seconds.
The orientations of the films were fixed during the anneal. Figures 41 through 43
show our EELS results of a 20 ML Sn/Ta film during the anneal. Figure 41
shows the complete spectra of the Sn/Ta film, where the anticipated IPI- and
SP1IP1-loss positions are pointed by the dash lines marked as 158 and 26.0
which are measured from the elastic peak. Drastic line shape changes, owing to
the significant difference between the characteristic EELS of the Sn and Ta, can
be clearly seen in this figure In figure 42, which is the zoom view of figure 4],
the arrows indicate the plasmon loss line shape changes during the anneal. The
double-arrows point the line shape changes of the 2SP-loss (the peaks symbolized
as '2SP' in figure 43). The single arrows are for the BP2- or the likely SP1IPI-
loss lines (which correspond to the dash line named as 26.0 in figure 41, and the

peaks 15 8 and 15 9 marked as 'SP1IP1' in figure 43).
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In figure 43, the spectra symbolized as '‘Buik Ta' and 'Bulk Sn' are, separately,
imported from different runs of a clean Ta foil and a fresh Sn film (20 A), and are
used as references. In the fourth curve, the peak 17.5 is attributed to the
SPIBPI-loss of the Ta, because all the Ta's higher order plasmon loss lines are
clearly observed. Therefore this curve is similar to the Ta's characteristic EELS
spectrum (curve 5), but differs a little due to the very small amount of Sn
remaining in the film.

Next, we will concentrate on the second and the third curves which reveal new
structures. As can be seen from these two curves, the SP1IP1-loss line, labeled as
15.8 and 15 9 becomes visible after the vanishing of the Sn's higher order BP-loss
lines (indicated by 'Sn-high' for the first curve) and before the showing up of the
Ta's high order BP-loss lines (indicated by 'Ta-high' for the last two curves). We
classify these two peaks, 158 and 15 9, as the SP1IP1-loss of the film However,
the expected IP1-loss line is too indolent to reveal itself It is most likely that the
IP1-loss is hidden by the 2SP-loss and the SPl-loss which has a tremendous
height The following observations support the above classifications. (1) The Sn's
and the Ta's higher order BP-loss lines are not visible in the corresponding
spectra. (2) The first peak is not accompanied by a shoulder on its left, but the
fresh Sn's EELS has a shoulder {marked as 'A' in the first curve). (3) The last
proof can be obtained is by inspecting the position of the first loss peak The
fresh Sn's SP1-loss appears at 10.2 eV (the first three curves) while the Ta's arises

at 11.5 eV (the last two curves).
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4.3.4 Comparison of plasmon loss energies between

the experimental and the predicted values

Overall the IP-losses are observed in all the Sn films which we analyzed as
well as the AI/Nb films. The corresponding EELS spectra of the pure metals and
the fitlms (IP-loss part) are shown in figures 44 and 45 The arrows in figure 45
point to the experimental observed loss peaks which have been discussed in the
previous sections. In case of the AlI/Nb film, both the first-pair and the second-
pair of the IP-loss is clearly seen. For ali the Sn films, only the second-pair of
the IP-loss is clearly observed In case of the Sn/Nb film, the SPIIPI-loss
appears as a real peak and the IP1-loss shows up as a shoulder In case of the
Sn/Mo and the Sn/Ta film, the SP1IP1-loss manifests itself as a real peak but the
IP1-loss is invisible. All the measured 1P-loss energies of the films are fairly close
to the values calculated from the semi-classical theory. Or to say it in another
way, the semi-classical theory is good for providing a rough guide for the thin film
systems and this model is convenient, even though, only Al is a nearly-free-
electron type metal.

As discussed in section 3.2, the theoretical ratio E, E, has a well-known value
of Y2, but no common ratio is defined for the interface plasmon loss energies In
order to compare our experimental results with the predicted values, tet R, which
will be served as a more general ratio, be defined as follows:

Ehl + Eh.‘.
EI

R= (4.3.4-1)

Where E,,, E,,, and E, are, respectively, the BP-loss energy of the substrate

metal, the BP-loss energy of the adsorbate and the IP-loss energy of the
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film—metal interface. Definition of (4.3.4-1) will reduce to the well-known ratio
V2 by taking E,, =0 (for vacuum), E,, =E_, and E, = E; (SP- and BP-loss energy
of the metal respectively). By using expression (3.2 10), which is derived in

section 3.2 for calculating the IP-loss energy, the ratio R can be expressed as:

12
R= 2 [H(MJ'—H (4.3.4-2)
E,, +E;,

With a little examination of equation of (4.3.3-2), the maximum ratio R =2, for
E, =E,,, will be obtained. All the interfaces, especially the thin—film-metal ones,
should have spectal features which depend on the metals used, therefore the
details of the EELS of the films may be different from each other. However the
ratio R, calculated from the measured values, can be used as a guide value for
comparing the experimental and the theoretical results  Table 13 lists our
experimental SP-, BP-, and IP-loss energies along with the theoretical values In
part (a), column 4 is the ratio E_E, and in part (b), column 4 (S) is the
expertmental (theoretical) ratio defined by the expression (4.3 4-2).

Figure 46(a) is the plot of the SP-loss energies versus the BP-loss energies for
the metals studied, where the dash line gives the predicted ratio 1/+/2  An
excellent agreement between the experiment and the semi-classical theory can be
clearly seen for Al thus providing an experimental support for the theoretical
description of the nearly-free-electron metals. For the transition metals Nb, Mo
and Ta, the experimental BP-loss energies are very close to the predicted values
and the SP-loss energies are reasonably close to the anticipated values. One
would expect that in the transition metals the electrons in the d-band would make

the situation more complicated. The interband transitions and the electron
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screening effects near a surface must be taken into account in order to obtain
better agreement between the theory and the experiment.

Figure 46(b) is the plot of the [P-loss energies of the films versus
(E,, +E,,)/2, where the dash line shows the theoretical minimum of the ratio 2/R
(2/R,, =1). For the vacuum-thin-film-metal sandwich interfaces, we obtain nice
results for the Sn/Nb and Sn/Ta films, and reasonable results for the Al/Nb and
Sn/Mo films.  For the sandwich films, the situation becomes even more
complicated than the metal-vacuum interface, so that the above experimental
results are indeed in the expected ranges.

In solids, electrons may be generally categorized as core electrons and valence
electrons. The inner core electrons are tightly bound to the nuclei, therefore they
are well localized and will not affect the behavior of other electrons. At the
opposite extreme, the valence electrons overlap with other electrons, hence lose
any identification with a specific atom. The perfect metal in this category is Al,
which has been well studied in all fields of the solid state physics in both theory
and experiments. The simple theory, discussed in section 3.3, works perfectly for
Al; which is also confirmed by our results about the SP-, BP- and IP-loss energies'
measurements. The more difficult and certainly more interesting case is the so
called d-band metals (transition metals). The d electrons are not so tightly bound
by the nuclei and overlap their neighbours; but neither can they be treated as free
electrons. Thus the d electrons should be treated from a band viewpoint, and this
d-band is partially filled and overlaps the s band which in turn makes the behavior
even more complicated. Considering the situation of the surface, a calculation of
changes in the band structure is needed for a complete theoretical description

In the theory section 3.2 about the plasmons, we treated the collective

excitations of the electron gas by means of the nearly-free-electron model. When
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the energy is sufficiently high, transitions can take place between states in
different bands  Since the allowed and forbidden energy bands in metals are
discrete, this will result in a discrete structure for these excitation processes, the
so called interband transitions. The interband transitions correspond to the
excitations between the occupied and the unoccupied levels of the atoms,
therefore complete description of the resulting &{(w.k) function requires
summation over all possible individual excitations (the last sum-term in expression
3.2.2) In fact it is this sum-term makes the situation more complicated for the
transition metals, such as Nb, Mo, and Ta and also possibly Sn, which we have
studied.

One point worth mentioning is that several investigators!’®-7¥] interpret the
higher order peaks in the EELS of transition metals (TM) as the excitation and the
decay of localized  electrons The peak positions in the higher energy region of
the EELS are also in reasonable agreement with the theoretical X-ray energy
levels. However the interpretations are not completely consistent and require a
more accurate calculation of the band structures and a quantitative theory of
many-body interactions!’l. Moreover, in our EELS spectra of the thin films, the
higher order losses almost vanish under appropriate conditions (figure 30, 40, 43
for Sn films and figure 20 for AlI/Nb film), which we would not expect if they are
attributable to the localized J electrons. Therefore we prefer to interpret the
higher order losses as the combination of the plasmon losses especially for the thin

films
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Table 13. Plasmon loss energies of pure metals and films

(a) SP- and BP-loss energies of pure metals (eV)

Bulk Plasmon Ratio? | Surface Plasmon
Metal Exp. Th. Exp. Exp. Th
Al 15.7 15.8 1.44 10.9 11.2
Sn 13.9 12.7 1.36 10.2 8.96
Nb 18.7 19.6 1.85 101 139
Ta 18.6 19.6 1.62 11.5 13.9
Mo 22.0 23.1 1.93 11.4 16.3
(b) 1P-loss energies of films (eV)
Interface Plasmon Ratio}
Film Exp. Th Exp Th.
Al/Nb 16.5 17.8 2.08 1.99
Sn/Nb 16.2 16.5 201 1.96
Sn/Ta I58 65 206 1.96
Sn/Mo 15.6 18.6 230 1.92

¥ The ratio of R=E/Ej

¥ The ratio of R=(Ey,+Ey, VE,
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Section 4.4 Growth of Sn Films on Nb

The adsorption and condensation of one metal on another metal substrate,
usually refractory metals, are receiving increasing attention mainly because of the
possibility of the growth of films monolayer-by-monolayer. A simple technique to
determine the coverage and growth mechanism of a deposition process by means
of AES has been widely used recentlyl7*-#21. This method consists of plotting the
Auger signal of both the substrate and the overlayer as a function of exposure
time (the so called AA—r plots). In this section the initial stages of deposition of
Sn on clean Nb surfaces are presented for a better understanding of the growth
mechanism and structure of thin Sn films formed on the Nb substrate.

Films prepared by thermal evaporation of Sn onto Nb surfaces were examined
by means of AES technique. The experimental arrangement and thermal
evaporation procedures were described in section 2.2 3. The AES measurements
were made in the standard manner with following experimental parameters
electron primary energy 2.0 KeV, beam current 45 u4A, modulation voltage 2V
time constant 0.1 s, sweep rate 1.3 V/s. AES measurements were conducted by
monitoring the Nb peak at 161 eV (M,M.N;) and the Sn twin peaks at 425 eV
(MN,.N,;) and 430 eV (M/N_N,.). Measurements were taken at regular
intervals as the film was built up to give the Auger signals as a function of Sn’s
coverage on Nb.

Figure 47 shows a series of spectra of Sn 425 eV and 430 eV Auger
transitions from clean and Sn-covered surfaces obtained during the growth of a
4.5 ML Sn film on Nb. Figure 48 shows the corresponding sequence of the Auger
spectra for Nb After proper background subtraction the original AES

measurements of Nb 161 eV and Sn 430 eV transitions recorded in the derivative
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dN(E)/dE mode were numerically integrated. Several selected Nb 161 eV Auger
transition peak shapes during the process are given in their numerical integral
forms as shown in figure 49. The AES amplitudes of Sn 430 eV and Nb 161 eV
peaks, measured from their N(E) form, are plotted as a function of the coverage
of Sn as shown in figure 50 The coverage scale is translated by using Sn's

Zachariaen metallic radius (ZMR)I%3):
ZMR = V)2 *° (4.4-1)
In expression of (4.4-1), V, is the volume per atom at room temperature based on

bulk density. The Sn's ZMR evaluated by using above formutae is 3.32 A

From inspection of figure 50, upon increasing Sn's coverage the heights of the
Sn 430 ¢V and Nb 161 eV Auger transitions do not form a series of straight line
segments. Figure 50 only shows that the first step, from 0 to 1 monolayer (ML),
of the increase of the Sn 430 eV peak and the attenuation of the Nb 161 eV peak
is linear. At about | ML the slope of each curves changes; and the curves show a
characteristic exponential shape At higher coverage the slower decrease of the
Nb 161 eV height suggests the growth of spreading tin isolated islands. All of the
above observations — no further breaks and exponential behavior of both uptake
curves, correspond to the Stranski-Kranstanvo (SK) growth mechanism(®!°l  First
a complete monolayer forms then three dimensional (3D) islands grow on top of
this initially formed adsorbate monolayer These metallic 3D-islands contribute
little to the layer signal but still attenuate the substrate signal slightly, therefore
cause the uptake curves having the exponential behaviors after the first break
point instead of straight line segments which corresponds to the layer-by-layer
growth (FM growth mechanism)!®-'°). The low mobility at room temperature of

adsorbed tin atoms presumably causes the film to grow in the form of separate
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patches and this prevents the immediate formation of a continuous film, so that
the film has a disordered structure. The electron attenuation length (AL) for both
the Sn 430 eV and Nb 161 eV can be deduced by modeling the uptake curve in

figure 50 at the break point, on the basis of following formulal'?):

11, =exp[ —d/Acosf], for Nb (4.4-2a)

171, =1-exp[-d/Acosf], for Sn (4.4-2b)

where 1/1 is the ratio of the AES intensity at the monolayer breakpoint to the
AES intensity of the bulk material in the uptake curve, d is the overlayer thickness
(taken to be 3.32 A), and cospB is the Auger electron emission per unit solid angle

correction which is taken to be 0.74 for the RFA that yieldsl19):

A=-d-[0.74-n(1/1,)] . for Nb  (4.4-3a)

A=-d-[0.7a-m(1-1/1)] . for Sn  (4.4-3b)

The values of 4,, for the Sn 430 eV and Nb 161 eV are determined to be 8.2

and 7.1 A respectively. These values are in reasonable agreement with the values
determined by using the 'universal’ IMFP curves, and other experimental results,

for example, Paffett et all2}-#3) got 10.0 eV and 9.7 eV for Sn films grown on Pt.

Table 14. The AL (A) values determined from AA-¢ plots

Auger Our Exp. IMFP(A) Others Exp. Eq. (33.3)
Electron AL from Universal AL Seah & Dench
Energy (eV) With Sn film Curvel®'l With Sn film Theory!®®!
64 (Pt Peak) - 45— 26 5.5, 7 212183 58
161 (Nb Peak) 7.1 40—10 - - - 8.6
430 (Sn Peak) 82 56 —13 9.7, 10.01¥3.23¢ 14
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Section 4.5 Conclusions

From the experimental results, we conclude that the bulk plasmon (BP) may
show multiple losses but the surface plasmon (SP) shows only a single loss either
by itself or superimposed on a main bulk plasmon loss (n-AE,+AE)) For some
metals the double surface plasmon loss shows up as a shoulder instead of a real
peak.  After careful examination of the spectra and by fitting the Lorentzian line
shape to them, these double surface plasmon loss lines are successfully discerned
apart from other bulk plasmon loss lines and surface plasmon loss lines. The
conclusion is that the double surface plasmon loss does exist even though its
probability is low and it is not so obviously seen in the spectra owing to the fact
that it is embedded inside the larger first two plasmon loss pairs. For transition
metals Nb, Mo, and Ta, the observation that the higher order bulk plasmon loss
peaks show a little shift from the anticipated combination positions is observed,
due to the interband transitions.

Moreover extra plasmon losses, which are ascribed to the interface plasmon
losses (1P), are clearly observed in all the Sn films as well as in the Al/Nb film. In
all cases, the SP1IP[-loss (combination of SP- and 1P-loss) manifests itself as a
real peak. On the other hand, the first interface plasmon loss appears as a real
peak only in the AI/Nb film, and it is faintly seen in other Sn films, implying that it
is hidden by the larger single SP-loss or by the double SP-loss or more likely by
both of them. The observed values of the interface plasmon loss energies are in
reasonable agreement with the semi-theoretical values. One would not expect a
perfect agreement between the theory and the experiment, since the surface
conditions and some special effects, such as the surface roughness and the

crystallinity effects(”U, will also affect the spectra
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A similar four stages annealing behavior was observed in both the AES plots
and the EELS spectra (the first-pair loss heights) for different Sn films on both
Nb and Mo. In the first stage (low temperature region), nothing happens; in the
second stage, the smoothing of the 3D-islands occurs; in the third plateau stage, a
relatively stable surface alloy accounts for the thermal stability of this region; in
the last stage (high temperature region), the loss of the adsorbate occurs. Also
observed are the systematic shifts of the break points, for changing from one stage
to another, to higher temperatures when the thickness of the film increases. For
thicker films more time is required for each rearrangement of the structure at a
given temperature. The mobility of atoms increases rapidly with temperature;
therefore shifts of the break points are indeed expected. The Sn films go through
the same sequence of changes although at slightly lower temperatures for Mo than
for Nb. The similarity is not surprising since the electronic configurations of Nb
and Mo differ by just one d electron.

The growth of the Sn films on a Nb substrate at room temperature is
consistent with the Stranski-Kranstanov mechanism (SK mode). By examining the
corresponding AES' AA-t plots of both the Sn and Nb, the electron's AL
(attenuation length) for the Sn 430 eV and Nb 161 eV is found to be 8.2 and 7.1A
respectively.  These values are in reasonable agreement with the values

determined from the universal IMFP curves (figure 7).
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