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Abstract:
The advent of transistors and micro-electronics has generated a great interest in thin films and the study
of interfaces between different compounds. For this reason, it is necessary to develop techniques that
will allow for controlled deposition of elements on substrate surfaces. The method studied within this
thesis concerns a device which evaporates aluminum and directs it towards, in this case, a germanium
(100) surface. The purpose of using germanium as a substrate was to study the interface between
germanium and aluminum for a separate project testing bacterial corrosion of aluminum. Potential
alloying at the interface could cause corrosion rates to deviate from that of pure aluminum. First, an
aluminum evaporator was built with small modifications from an existing design. After construction,
characteristics about the rates of deposition as a function of current, the uniformity of coverage, and the
constancy of deposition needed to be determined. Finally, a study of the aluminum-germanium
interface as a function of temperature was conducted using Rutherford Backscattering Spectrometry. It
was found that the deposition rate of the evaporator increased with current and then reached a plateau
of approximately 10 monolayers per minute. Deposition over time was found to be constant within
experimental error while the distribution across the surface was non-uniform and gaussian in nature.
The growth of the aluminum on the germanium surface exhibited either mixing with the germanium or
island growth before layer by layer growth dominated. The interface between the germanium and
aluminum showed no signs of intermixing beyond 40 Angstroms until the sample was heated at which
point the germanium began to distribute uniformly throughout the aluminum film. From this
information one can conclude that the only real problem in deposition from this evaporator is the
thickness distribution across the sample. This can be adjusted for by placing the sample further away
from the evaporator. As to the interface between the germanium and aluminum, mixing is not a severe
problem unless the sample is subjected to temperatures above 300°C.
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ABSTRACT

The advent of transistors and micro-electronics has generated a great interest in thin
films and the study of interfaces between different compounds. For this reason, it is
necessary to develop techniques that will allow for controlled deposition of elements on
substrate surfaces. The method studied within this thesis concerns a device which
evaporates aluminum and directs it towards, in this case, a germanium (100) surface. The
purpose of using germanium as a substrate was to study ,the interface between germanium
and aluminum for a separate project testing bacterial corrosion of aluminum. Potential
alloying at the interface could cause corrosion rates to deviate from that of pure
aluminum. First, an aluminum evaporator was built with small modifications from an
existing design. After construction, characteristics about the rates of deposition as a
function of current, the uniformity of coverage, and the constancy of deposition needed to
be determined. Finally, a study of the aluminum-germanium interface as a function of
temperature was conducted using Rutherford Backscattering Spectrometry. It was found
that the deposition rate of the evaporator increased with current and then reached a
plateau of approximately 10 monolayers per minute. Deposition over time was found to
be constant within experimental error while the distribution across the surface was nonuniform and gaussian in nature. The growth of the aluminum on the germanium surface
exhibited either mixing with the germanium or island growth before layer by layer growth
dominated. The interface between the germanium and aluminum showed no signs of
intermixing beyond 40 Angstroms until the sample was heated at which point the
germanium began to distribute uniformly throughout the aluminum film. From this
information one can conclude that the only real problem in deposition from this
evaporator is the thickness distribution across the sample. This can be adjusted for by
placing the sample further away from the evaporator. As to the interface between the
germanium and aluminum, mixing is not a severe problem unless the sample is subjected
to temperatures above 300°C.
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CHAPTER I
INTRODUCTION

Perhaps the greatest achievement of mankind has been the creation of the transistor
and other associated micro-electronics. Our lives have become intermingled with these
devices, allowing the invention of machines that would otherwise exist only in the minds
of science fiction writers. For this reason, the study of thin films and the interaction of
these films with the material they are deposited onto has become important. Thin films of
aluminum have become extremely important since it is one of the main components used
in the production of micro-electronics. Aluminum is used along with a semiconductor
material, such as germanium, to form an alloy that produces what is referred to as a p-n
junction.

This p-n junction allows current to flow with negligible resistance in one

direction and with a large resistance in the other. From this property transistors and
electrically controlled micro switches can be constructed. Thin layers of aluminum also
act as wires within these electrical devices. This is performed by depositing a thin film of
aluminum on the surface and etching it away in a pattern that will produce the desired
circuit. From the above discussion one can readily see the advantages of having a device
that will deposit a controlled thickness thin film without impurities.
A particular interest in this paper is to study the interface of the aluminum thin film
and germanium surface. Experiments are underway to study the bacterial corrosion of
aluminum.

One means of doing this uses Fourier Transform Infrared Spectroscopy
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(FTIR); an internal reflection element can be coated with aluminum and exposed to
bacteria. Since the intensity of infrared light transmitted depends on film thickness, the
amplitude of the water absorption peak near 1640 cm'1 will increase as bacteria corrode
through the aluminum. There was a question, however, about potentially changing the
rate of bacteria corrosion due to intermixing or alloying at the interface.

Another

consideration would involve deviations from calculated laser intensity loss for an
assumed thickness of aluminum. The use of surface sensitive analytical techniques and
the ability to create controlled thickness films of aluminum allow questions of this nature
to be answered.
The experiments discussed within this thesis focused on the characterization of an
evaporator that was specifically constructed to produce clean ultrathin films of aluminum.
Of particular interest will be the rate of deposition, the variance of deposition rates over
long term evaporation, and uniformity of thickness on the germanium sample.

The

determination of deposition rates will also involve a study on how the aluminum grows
on the surface of the germanium. Finally, Rutherford Backscattering Spectroscopy will
be employed to find out if mixing is occurring at the aluminum-germanium interface.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
Auger Electron Spectroscopy

Auger electron spectroscopy or AES was the main technique used in this experiment.
Many other techniques can yield information about the internal structure and composition
of a sample but AES has the ability to study very thin films and surfaces. One of the
more subtle abilities of AES is to determine the deposition rate of a particular element on
the surface of a sample. This also leads to a determination of the manner in which the
growth occurs.
The technique of AES involves ionizing atoms within the sample and then measuring
the energy of electrons emitted during the relaxation of the ion. In this experiment the
spectrometer utilized an electron gun to ionize the atoms in the sample. This gun can
supply electron energies from I OOeV to I OkeV and produce a beam spot size that is less
than 5 microns in diameter1. These electrons then enter the sample and remove an inner
shell electron from the atom thus creating an ion. An electron from an outer shell then
fills the ‘hole’ in the inner shell. One of two things can then happen, the atom radiates a
photon or energy is transferred to another electron that carries away the excess energy in
the form of kinetic energy. The amount of kinetic energy, Eyn, that is transferred to the
electron is defined by;
E s ~ E x ~ E 'y

(2 .1 )
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where Es and Ex are the energies of the inner and outer shell respectively. E'y is the
ionization potential of the electron in shell Y that is being ejected taking into
consideration the state of the excited ion. Figure 2.1 gives a schematic outline for a
KLiL2 Auger process. Depending upon the atomic number of the atoms, the emitted
‘Auger’ electron can have an energy that ranges from 10 to 2000 eV. Some of these
electrons will then leave the sample and can be measured2.
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Figure 2 .1 : Auger transition process.
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Since the Auger electrons are ejected from atoms within a solid as well as on the
surface, the energy of electrons leaving the sample will vary. The energy loss of an
electron as it travels through a solid is characterized by the mean free path. This distance
is defined as the amount of material through which an electron can move before the
probability of an inelastic collision becomes 1/e. The greatest energy loss of an electron
in a solid is attributed to plasmons. Plasmons are oscillations of the valence electrons
with respect to the positively charged nuclei. The frequency of the oscillation,

COp

, leads

to a plasma energy as defined by Ep = %(Op. Energy losses for the electrons leaving the
sample occur in discrete jumps of Tioop with values on the order of 10 eV. The value of
the mean free path is dependent upon the electron’s initial energy, Eq, and the plasma
energy, Ep, of the material. The equation to determine the mean free path, X, is3;

V

(2.2a)
^ tcE qTi 2E q

This equation stems from theory and is a close match to experimental data but is not
entirely accurate. An empirical equation has been formed which fits experimental results
more closely4;
X{A) = 1430E-2 + 0.54E*

(2.2b)

where values for E are in eV. The mean free path of an electron in a solid is generally
less than 20 Angstroms. This means that the most energetic of Auger electrons are not
likely to be detected if they originated below 50 Angstroms from the surface of the
material. This is what makes AES such a surface sensitive technique3.
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The device used to detect the kinetic energy of the ejected electrons is called the
cylindrical mirror analyzer or CMA for short. A diagram of the CMA is shown in Figure
2. The CMA is made up of two concentric cylindrical electrodes, an electron multiplier,
and a magnetic shield1. The Auger electrons enter through apertures near the front of the
inner cylinder and head for the outer cylinder. A negative bias on the outer cylinder,
sometimes referred to as the mirror, causes the electrons to arc back towards the apertures
at the back end of the cylinder. The electrons then enter a small aperture and are guided
to an electron multiplier that will amplify the electron current to produce a signal that is
detectable. By adjusting the bias on the outer cylinder the entire energy range of the
Auger electrons can be sampled and a spectrum obtained.

Magnetic

Electron Multiplier
Electron
P ath i

Electron Gun
Exit Aperature

Inner Cylinder
Outer Cylinder

Figure 2.2 : Schematic of CMA
After data from AES has been collected and plotted, the data must be manipulated into
a form that can be used to determine relative concentrations of elements and thickness of
films. Figure 2.3 shows a sample plot of an AES spectrum along with a plot that has been
differentiated with respect to energy. Differentiation of the AES data was initially
adopted because the noise in the raw data made interpretation difficult but it is now a
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standard in AES evaluation.

The first step in evaluating the spectrum involves

determining the energy at which the peak occurs and then matching this with known
standards. In this way the element or compound associated with that energy can be
found. The peak-to-peak amplitudes are then measured and the relative ratios of elements
on the sample can be determined. Since the peaks occur at the energy of the Auger
electron, this is extremely surface sensitive. Electrons that travel through the sample have
their energy attenuated and are lost from the main peak. The cross section of each
particular element is different and for this reason the peak-to-peak amplitudes have to be
normalized before they can be compared. One method of performing this normalization
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Figure 2.3 : Sample Auger Spectra; (a) shows a plot of the raw data and (b) shows a
plot of the data after it has been differentiated. In both plots the oxygen,
aluminum, and aluminum oxide peaks have been labeled.
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is to use a handbook of standards5 where spectra of all the elements have been normalized
to each other. The atomic concentration of a particular element can be determined by;

(23)

where Ix is the peak-to-peak amplitude of element X, Sx is the relative sensitivity, and dx
is a scale factor. Sx is determined by the incident energy of the electrons from the
electron gun and charts for specified energies are available. Figure 2.4 shows a sample
chart for incident electron energies of 5keV. If the peak-to-peak amplitudes all come
from the same spectra or from spectra run under identical conditions dx will cancel in
equation 2.3. Thus it is possible to determine the ratios of surface elements by measuring
the peak-to-peak amplitudes and looking up their sensitivity factors.

Rutherford Backscattering Spectrometry

For thin film analysis, Rutherford Backscattering (RBS) provides information that can
not be readily obtained through other surface sensitive techniques. By using ions that
have been accelerated to near I MeV, RBS can provide information about thin films such
as stochiometry, elemental areal density, and impurity distributions.

Generally this

technique can provide information to a depth of approximately 10 Jim and is sensitive to a
fraction of an elemental monolayer2.
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Figure 2.5: Experimental setup for Rutherford Backscattering Spectrometry

The equipment required to perform RBS consists of an accelerator, a large magnet,
and a detector. In this experiment, a Van De Graaff accelerator was used to produce I
MeV ions. The accelerator also generates many other ions that would interfere with the
backscattering data. For this reason the beam of ions is sent through a bending magnet.
The magnet acts as a selector in that only ions of a particular mass for a given energy will
be sent down the beam line while the rest of the ions are bent off at varying angles. Using
this information, a beam of I MeV helium ions can be produced in the beam line and sent
into a RBS chamber. A diagram of this assembly can be seen in Figure 2.5. When the
beam reaches the RBS chamber it encounters an aperture 2 mm in diameter that confines
the beam to a region on the sample of comparable size. The ions enter the sample and
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encounter nuclei that scatter them in all directions. A swivel arm within the chamber
allows an ion energy detector to move around the edge of the circular chamber so that
different backscattering angles can be selected.

The detector itself is a Passivated

Implanted Planar Silicon (PIPS) detector6 with an active area of 50 mm2 which for the
geometry of this chamber results in a solid angle of 5.07 millisteradians.

Energy

resolution of the detector is approximately 25 keV. A bias of 40 Volts is applied to
increase the depletion region within the detector necessary for operation. Keeping a low
count rate on the detector is desirable to minimize the possibility of two particles arriving
at the detector at the same time. If this occurs, the detector will register only a single
particle with an energy equal to the sum of the two particles.
The energies of the ions incident upon the detector are converted to electrical pulses
that are amplified and sent to a Multichannel Analyzer (MCA). The MCA produces a
spectrum of ion energies that can then be used for data analysis. The energy of the
backscattered helium ions is determined by the mass of the nuclei that they encountered
in the target and the backscattering angle.

The kinematic factor is the ratio of the

backscattered energy, Eii to the incident energy, E q, of the helium ions and is determined

2

M1 + M2

(2.4)

where 0 is the laboratory angle through which the incident ion is scattered and Mi and M 2
are the masses of the helium ion and the target atom, respectively. The geometry used for
Eq. 2.4 along with a simulated spectrum is shown in Figure 2.6. Since the energies of the
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backscattered ions are different for each nuclei, as defined by K, a spectrum will show a
peak or edge for each type of nucleus encountered. Several values of K for various
elements are shown in Table I

T arget A to m

K in em atic Factor

Aluminum

0.5811

Germanium

0.8106

Titanium

0.7269

Table 2.1: Kinematic factors for various elements calculated for a backscattering angle
of 155 degrees and incident helium ions7.

Once the element is determined from the incident energy of the ions and the kinematic
factor, peak analysis can be performed to calculate the thickness of each elemental layer.
With knowledge of the detector solid angle Q, the integrated peak count A, the atomic
density N, and the cross section of the element. tf(E,6), for Q incident ions the thickness
can be determined from7;
_ Acos 0,
~ N Q Slo(E J)

(2.5)

Another way to calculate the thickness of an elemental film uses the width of the peak in
a RBS spectrum rather than the integrated peak count. This technique arises from the fact
that ions scatter off of atoms within the sample as well as from the surface. The front
edge of the energy peak occurs due to ions scattering off surface nuclei. Ions that scatter
off nuclei at the back of the film experience energy loss as they traverse the medium and
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make up the back edge of an energy peak in the spectrum. The difference in energy, AE,
can be measured from the spectrum peak and the thickness, x, is given by7;
AE
x = -----M e]

( 2 . 6)

where N is the atomic density and the stopping cross section factor [e] is calculated by7;

[e]

(2.7)

•+ £ ,

COS On

C O S0,

Values for £in and E0Ut are tabulated for different elements and energies of incident ions.
The difference between the two stopping cross sections is that Ein is evaluated at Eq and
Eout

is evaluated at KEq. Bi and 02 are defined by the geometry in Figure 2.5. The use of

the above equations is the basis of RBS in the determination of individual film thickness
for single or multilayered samples.
Factors that lead to reduced resolution in the measurement of AE include detector
resolution, straggling and energy spread in the incident beam. Since the determination of
AE leads directly to the determination of film thickness, there is a minimum detectable
thickness, 5x. The value for 5x can be calculated by7;

Sx =

SE

Me]

( 2 . 8)

where SE is the energy resolution of the detector, generally around 25 keV. As long as
the width of the energy peak is greater than SE, the thickness of the layer may be
determined by Eq. 2.3. Determination of the width of the energy peak is performed by
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Figure 2.6 : Experimental geometry for Rutherford Backscattering Spectroscopy along
with a simulated spectrum for the sample parameters indicated above7.
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calculating the full width at half maximum (FWHM) and taking this value to be AE. For
the case where the energy peak is not wide enough to exhibit flattening the peak may be
fit with a gaussian to determine the FWHM.

This will be the preferred method of

analyzing the RBS data in this experiment.
Another powerful tool in the analysis of RBS data called RUMP (Rutherford
Modeling Program)8 provides RBS simulations of spectra with adjustable parameters.
The program allows for characteristics about the experiment to be varied. These include:
beam energy, geometry of the sample and detector, number of ions incident on the
sample, and the solid angle of the detector.

Simulations are set up by specifying

composition and thickness of individual layers in a multilayered sample. A spectrum can
then be displayed for the parameters entered and overlaid on top of experimental spectra.
An example of a simulated spectrum is shown in Figure 2.6.

By modifying the

simulation to fit the experimental spectrum one can determine the composition and
thickness of different layers within the sample. This modeling program allows for fast
analysis of RBS data that would otherwise provide a challenge to the most experienced of
individuals.
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CHAPTER 3
EQUIPMENT AND SAMPLE PREPARATION

Aluminum Evaporator

There have been many techniques used to deposit aluminum, or other elements, onto
substrates.

Some of these techniques include resistive heating, evaporation from a

crucible, target sputtering, and chemical vapor deposition. These methods are effective in
creating an environment in which aluminum will adhere to the surface of a sample but
have limitations in either deposition rates, purity of deposition material, or life of the
device being used. The relatively simple evaporator discussed in this section has been
found to create films on substrates with controlled thickness and purity.

Also the

maintenance required to keep the evaporator in working order is minimal.
The technique used for this evaporator most closely resembles crucible evaporation.
Rather than using a metal basket or crucible to evaporate aluminum, this evaporator
utilizes a thin walled alumina cylinder (1.1 mm inner diameter, 2.5 mm outer diameter,
10 mm long) filled with I mm pure aluminum wire of the same length. A coil of 0.25
mm tungsten wire (prepared by coiling the tungsten around a 2 mm rod) was fit around
the alumina cylinder. Approximately 3 mm of the alumina cylinder remained free of
tungsten wire on the non-evaporating end. This precaution was taken to keep aluminum
films from shorting out the electrical feedthroughs. The ends of the tungsten wire were
then coiled around molybdenum support rods and spot welded into place4.
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Two stainless steel connectors create an electrical contact from the copper electrical
feedthroughs to the molybdenum rods while further up a rectangular macor9 insulator
holds the two molybdenum rods in place and also functions as a mount for the stainless
steel shroud. This shroud is a box made from I mm thick stainless steel that encases the
ends of the molybdenum rods along with the alumina cylinder. A 5 mm hole in the end
of the shroud centered on the alumina cylinder allows aluminum to leave the evaporator

1 - 3 pin UHV electrical feedthrough
2 - Macor Insulating support ring
3 - Stainless steel connectors
4 - Immthlck Mo rod
5 - 0.25mm thick W wire
6 - Imm ID, 2.5mm OD Alumina tube
7 - Macor Insulating support and shroud mount

Figure 3.1: Schematic of aluminum evaporator
while the rest of the shroud absorbs most of the heat from the tungsten wire and helps
keep the temperature of the aluminum a constant. The overall length of this system can
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be altered by changing the length of the molybdenum rods. For the purposes of this
experiment, the overall length of the evaporator was 5 inches.
Once the evaporator has been installed into the vacuum chamber, outgassing needs to
be performed in order to achieve pure aluminum deposition during experiments. This is
done by applying current through the tungsten wire and making note of the pressure. The
initial pressure before applying current was noted and then the current was incremented in
steps up to 4 Amps. As the current is increased each step the pressure within the vacuum
chamber will rise and then fall back to near the initial pressure.

Near 3.4 Amps the

pressure will begin to rise and not fall back to the initial pressure which indicates that
aluminum is beginning to evaporate.

At this point, 4 Amps is applied to the tungsten

wire and a large increase in pressure occurs. After 30 seconds the current is decreased to
2 Amps which should allow the pressure in the vacuum chamber to fall back to the initial
pressure or less. It turns out that aluminum is a good absorber of gasses, especially
oxygen.
Before evaporating onto a substrate, the evaporator must be heated up to a constant
temperature. Both an ammeter and a voltmeter are hooked up to the power supply and
the current is set by the ammeter. The voltmeter acts as temperature gauge because the
resistivity of the tungsten wire is a function of temperature. When the reading on the
voltmeter becomes constant, the alumina tube has reached a constant temperature and
aluminum evaporation should be constant as well. A shield mounted on a sample holder
acts as a cover to the evaporator during heating to keep the aluminum from depositing
freely. Once a constant evaporation rate is achieved the sample is brought in front of the
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evaporator by rotating the sample carousel (See figure 3.3). Through this technique
samples can be exposed to a constant evaporation of aluminum for set periods of time.
This will allow for experimental determination of evaporation rates at various power
settings.

Germanium Wafer

The substrate used in this experiment was a single crystal (100) germanium wafer10.
This wafer came as a circular slab 2 inches in diameter and 0.014 inches thick with one
side of the wafer polished. The polished side of the wafer was the one that aluminum was
deposited onto in the experiment.
The size of the wafer that came from the factory was too large to be used as a sample
so it had to be broken up into smaller pieces. The best way to make smaller pieces
without having the sample shatter is to fracture the wafer along the (100) plane. Though
the surface orientation, (100), was known, the (100) planes across the surface of the
crystal were not marked. To determine these planes, the germanium wafer was mounted
vertically and a HeNe laser beam was directed normal to the wafer surface. Between the
laser and the germanium wafer a piece of cardboard was lined up so that the laser could
pass through a hole in the cardboard. Light diffracted from the surface of the germanium
wafer created a pattern that can be seen in Figure 3.2 along with the experimental setup.
The fourfold symmetric pattern of the light on the cardboard then defines the direction of
the (100) planes along, the surface of the germanium wafer.
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Ftofteefan from wafer

Figure 3.2: Experimental setup for determination of (100) planes for germanium wafer

Once the (100) planes have been determined, the next step is to fracture the sample
along these planes. A diamond tipped cutting tool is used to etch a line across the
unpolished side of the germanium wafer along the (100) plane. The wafer is placed on an
uneven surface where the ridge lies directly below the etch and a small amount of
pressure is applied to the wafer on either side of the etch. The wafer will then fracture
evenly along the etch. This process can be repeated until samples of any particular size
are obtained. The samples used in this experiment were rectangular in shape with sides
measuring around 6x10 mm.
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Sample Holders

The chamber in which the experiments were performed came equipped with a sample
carousel that could hold a total of six sample holders. Also included with the system was
a sample introduction chamber that could insert a sample into the chamber without
having to bring the chamber up to atmospheric pressure. With this system it was possible
to experiment on a number of samples in a short amount of time compared to breaking
vacuum for each individual sample11.
The sample introduction chamber connects to the chamber via a pneumatically
controlled gate valve.

This gate valve operates on 40-60psi of nitrogen gas and is

controlled automatically as the sample approaches the gate valve. After the sample has
been loaded into the sample introduction chamber, a turbo pump in series with a roughing
pump is used to bring the pressure within the introduction chamber down to 5x10'4 Torr.
During insertion or extraction of samples the pressure in the main chamber rarely exceeds
IxlO"7 Torr, though higher pressures may occur if many samples are being added or
removed within a short span of time. After the gate valve is closed, pressures in the main
chamber near 3x10"9 Torr can be achieved within a few hours. Acquiring this pressure
after the chamber has been brought up to atmosphere can require a day or more. For this
reason, the sample introduction chamber is greatly appreciated.
The next point of interest is the Perkin-Elmer 15-600 specimen stage11, as shown in
Figure 3.3. This device holds a total of six sample holders at a time and has manipulators
that allow for approximately 15 mm of movement in each of three dimensions along with
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Figure 3.3: Perkin-Elmer 15-600 specimen stage11
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(C)

Figure 3.4: Various sample holders (A) 60° sloped holder, (B) 30° sloped holder, and
(C) normal incidence sample holder.

rotation about the z axis. The sample holders that fit into the sample carousel come in a
few varieties and are shown in Figure 3.4. The only difference between the three styles is
the angle that the face of the sample holder makes with the z axis.
The 6x10 mm samples were attached to the face of the sample holders via a small
metal clip. Samples then were mounted onto the sample carousel through use of the
sample introduction chamber. After the amount of power to be applied to the evaporator
was selected the evaporator was heated to a constant temperature. The sample carousel
was then rotated so that the sample was in front of the evaporator. During evaporation,
the angle at which the sample faces the evaporator is very important since it is assumed
that evaporation rate is correlated with distance of the substrate from the evaporating

source. After a specified amount of time the sample was turned away from the evaporator
and placed in front of the CMA for Auger analysis. This was repeated until Auger
electrons from the substrate were no longer able to penetrate the adsorbate layer.
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CHAPTER 4
THEORY
Growth Mechanisms of Thin Films

One aspect in the deposition of thin films studied through the use of AES concerns the
manner in which the deposited material attaches itself to the substrate. Experiments
performed with metal-metal interfaces lead to the distinguishing of three basic deposition
mechanisms.

These three mechanisms (Frank-van der Merwe, Volmer-Weber, and

Stranski-Krastanov) are determined by utilizing the relative intensity of AES peaks12.
Diagrams of these mechanisms can be seen in Figure 4.1.
In presenting the theoretical setup, certain assumptions are made. First of all, electrons
traveling through substrate and adsorbate layers are assumed to have an exponential
decay in intensity. This attenuation factor is described by12;
cos = exp(-d? / A, cos 8) and

where

COs

and

COa

COa

= exp(-d / Aa cos 6)

(4.1)

are the attenuation factors for the substrate and adsorbate respectively.

Due to the arrangement of the CMA, the emitted electrons being measured are at an angle
to the sample surface and this leads to the cos 8 term where 8 = 42°. The value d is the
thickness of a monolayer taken to be the same for both the substrate and the adsorbate.
The assumption that the thickness of an adsorbate layer matches the thickness of a
substrate layer is a simplification but not a requirement. The mean free path, X, was
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Figure 4 .1 : Growth mechanisms (A - adsorbate, S - substrate). Examples of (A) layer
by layer growth, (B) formation of islands, and (C) monolayer with islands12.
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discussed in the section on AES and is described by equation 2.2. This value is largely
dependent on the energy of the electron and varies less with the material traversed. For
this reason the latter is ignored. Finally, possible effects of mixing between the substrate
and adsorbate layers are not considered in the following discussion. This assumption may
not be applicable to all systems and modifications to the equations must be considered.
When the adsorbate forms complete layers on the surface of the substrate the growth
mode is referred to as Frank-van der Merwe, or FM, growth. The sample can then be said
to be composed of h complete adsorbate layers with an unfilled layer that is a fraction, x,
of a complete layer. The intensity of Auger electrons emitted from layer k can be
described by12;
C, =
where

(4.2)

is the number of adsorbate(substrate) atoms per unit area in layer k and

f O(S)(Jc) determines the amount of attenuation from each overlayer. The values Ss and Sa
are referred to as Relative Auger Sensitivity Factors and can be found in a standard Auger
handbook of the elements. See Figure 2.4. Eqauation (4.2) sets the form for all three
growth mechanisms and only the substitutions for
case of the FM growth mode the values for

Il
g
[m
nlk) = n

and f a(s)(k) need be made. In the

are taken to be12;
for

k —0

for

k = l,...,h

(4.3)
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with m and n taken to be the atomic density per monolayer for the adsorbate and substrate
respectively. Next, there are two types of atoms to be considered. Atoms covered by
other atoms in the partially filled surface layer are referred to as shadowed and those not
covered are referred to as not-shadowed. The functions for f a(s)(k) become x(oka for
shadowed atoms and (I - x)co*_I for the not-shadowed atoms. Insertion of the values
forn®) and f a(s)(k) into Eq. 4.2 leads to;
r(0 )

I 0S a X m

I0SamO- ~

+ h S amx(oka
(4.4)

Ia =/<0)+ V rW

X + ( I — X + XODa )

I1- Jj
" a

k=l

Using the same technique, the intensity of Auger electrons emitted from substrate layers
is found to be;

■I0Ssna1s

^ l - X + XOD, X

(4.5)

I-CD,

The determination of these absolute intensities requires values for parameters that are not
easily obtainable.

This can be made more manageable by taking the ratio of the

intensities in spectra with identical parameters. For the Frank-van der Merwe growth
mode the ratio of the intensities is found to be12;

x m l+
S aM

r fm - J

- ' Sm

r

I-

(D 0

I
—
1-ft).

x

(4.6)
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Interestingly, Eq 4.6 allows one to determine the value of x if Rem is known. This can be
seen in Eq. 4.7

l-(O s

\-(O a
K

K + R fmU 1S

m

Sj!_
'FM
Sm

The two other growth modes are determined in much the same manner.

(4.7)

The

difference comes from the substitutions for values in Eq. 4.2. The resulting equations for
these growth modes will merely be stated here. A more intensive development of these
equations can be found in Appendix A.

For the Volmer-Weber growth mode the

resulting ratio of intensities becomes12;

l

_ S am

w

X ( I - C O ah ) ( I - O ) s )

Ssn (I —x + Xtu^)(\ —(Qa )

(4.8)

and for the Stranski-Krastinov growth mode the ratio is12;

Sam
Sm

I —x + xcot +
I-CO

(I — x + x(0 s )

aJ

(4.9)

1-ftX

Plots of these ratios for various values of x can be seen in Figure 4.2. The plot of the
Frank-van der Merwe growth mode shows an increase in ratio that is best described as
exponential. The fraction coverage, x, in this plot merely fills in the spaces between
individual monolayer completion. The shape of the curves for the other two growth
modes shows a large change with island height. It is a relief to note that all of these
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Figure 4.2 : Graphical representations for (A) Frank-van der Merwe, (B) Volmer-Weber,
and (C) Stranski-Krastanov growth modes.
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models produce equal intensity ratio values for completed monolayers.
multiple growth modes can be fit to data on a single plot.

In this way
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CHAPTER 5
RESULTS AND ANALYSIS
Composition of Germanium Surfaces
Before aluminum was deposited on the surface of the germanium crystal, AES was
used to determine the composition of the surface. On the non-sputtered surfaces there
were found to be large amounts of oxygen and carbon and occasionally a small amount
of nitrogen. The oxygen and carbon are not on the surface in their elemental form, rather
they are found on the surface in the form of O2 , CO2 , and H2 O which are the most
common molecules in the atmosphere. In the second case, samples were, sputtered until
only trace amounts of oxygen and carbon remained. On these cleaned surfaces the low
energy germanium peaks were visible (See Figure 5.1b). Even 12 hours after sputtering,
the surface of the germanium remained clean. Sputtering was performed using argon
atoms with the following parameters; emission current - 25mA, beam voltage - 2keV,
internal pressure - 20x10"3 Pa or 1.5xl0'4 Torr, and raster size - 7x7 mm. The center of
the sputtering beam was aligned with the electron beam from the CMA on a sample of
tantalum when the 2keV peak was set for AES. Auger spectra of both a non-sputtered
and sputtered germanium surface can be seen in Figure 5.1. All of the Auger spectra
were obtained using the following parameters; beam energy - 5keV, and emission
current - 3.00 Amps. The thickness of the oxide and carbon film is difficult to determine
but is believed to be around 25 Angstroms.
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Figure 5.1: Auger spectra for (a) non-sputtered and (b) sputtered germanium surfaces.
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Modeling of Al Growth on Ge
Samples that were sputtered had aluminum evaporated on the surface for 5 different
source currents ranging from 3.6 to 4.0 Amps. The non-sputtered sample had aluminum
evaporated onto the surface only once to compare the manner of growth to the sputtered
samples. For this sample the evaporator was operated at 3.5 Amps, though the filament
on the evaporator differed from the one used for the sputtered surfaces. For this reason
the rate of deposition cannot be compared between the sputtered and non-sputtered
samples. Every sample, excluding the non-sputtered one, was mounted on a normal
incidence sample holder (See Figure 3.4, (c) ) and positioned such that the distance
between the end of the alumina crucible in the evaporator (See Figure 3.1) and the
sample was 17mm.
P e a k s Used fo r Ratio Analysis

( 1 147eV)

—100
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1100

1200

(1396eV)

1300
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E n erg y (eV)
Figure 5.2: Plot of the two major Auger peaks for Al and Ge used for analysis of the
growth mode.
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Sample

Surface

Evaporator

Evaporation

Graph

Current (Amps)

Intervals (sec)

Designation

GMlO

Non-Sputtered

3.5

30

5.3, 5.9

GM24

Sputtered.

3.6

30

5.4, 5.10

GM25

Sputtered

3.7

10

5.5, 5.11

GM26

Sputtered

3.8

10

5.6,5.12

GM27

Sputtered

3.9

10

5.7, 5.13

GM28

Sputtered

4.0

10

5.8, 5.14

Table 5.1: Description of evaporation parameters for each sample along with the figure
number where the associated graph can be found.

Auger spectra for each of the samples were taken after every evaporation. Auger
electrons emitted from the aluminum KLL transition and the germanium LMM transition
have kinetic energies of 1396eV and 1147eV respectively. The spectrum was then
differentiated and the main peaks for germanium and aluminum were compared. (See
Figure 5.2) It was discovered early on that the intensities of these characteristic peaks
were not consistent from scan to scan. Two scans of the same sample in the same
position would have different size peaks, thus making it difficult to compare peaks from
separate scans. This particular problem was solved by taking the ratio of the aluminum
peak to the germanium peak. Though the peak heights from scan to scan may vary, the
ratio of two peaks within the same scan is a constant. The measurement of the peak
heights in the differentiated spectrum was performed within a graphical analysis program
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called GENPLOT13. This was done by using the cursor option in the program which
allows one to select points on the graph and have the computer return the coordinates.
Though there may be some error attributed to this technique, it is small enough
compared to error from background noise in the spectrum to be considered negligible.
The ratios of the aluminum and germanium peaks were then plotted against the
cumulative evaporation time and can be seen in Figures 5.3 to 5.14. The error bars on
the plots (small dots) were determined from the background noise in each individual
spectrum and were generally around 5 to 15% of each ratio value. Tables of all the data
for these plots can be found in Appendix B.
The next step after plotting the data was to fit it with theoretical models which
required a few values to be determined first. The values for d used in Eq. 4.1 were
determined by the crystal structure of the element. Aluminum has a face centered cubic
(FCC) crystal structure that is 4.04 Angstroms in length on a side. This corresponds to a
value for d of 2.02 Angstroms per monolayer.

Germanium has a diamond crystal

structure that is 5.66 Angstroms in length on a side. Since there are four monolayers
within this crystal, the value for d is 1.42 Angstroms per monolayer. The mean free path
as described by Eq. 2.2b for aluminum and germanium is 20.2 Angstroms and 18.3
Angstroms respectively.

From this information the attenuation factor, ®, was

determined for three cases. These three cases include attenuation of an aluminum Auger
electron as it travels through aluminum,

COa ,

attenuation of a germanium Auger electron

as it travels through germanium, (Os, and attenuation of a germanium Auger electron as it
travels through aluminum,

COs a .

The calculated values for these attenuation factors are as
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follows;

gv O.874,

CQ5-0.901, and co^a-0.862. Also, the atomic density, n and m in Eqs.

4.3-4.9, can be determined from knowledge of the crystal structure. The atomic density
for aluminum, m, is 0.12 atoms per square Angstrom and the atomic density for
germanium, n, is 0.062 atoms per square Angstrom.

The only other value that is

required to use the different theoretical growth mode equations, Eqs. 4.6-4.9, is the
sensitivity factor, Sx which can be determined from the plot in Figure 2.4. The values
Sm and Sg6 were found to be 0.075 for aluminum and 0.14 for germanium. Now, with
all these values obtained, the equation for Frank-van der Merwe growth mode becomes;

x(0 +
SMm

(5.1)
1-£D„

—X

and for the Volmer-Weber growth mode;

s Aim x {1~ 0}ha)(1~ (0s)
SGen (l - * + XG)hsa)(l ~0)a)
Sce=OTd

m=0.12

0)6=0.901

Sm=0.075

n=0.062

CQa=O.874

(5.2)

CQsa=O.862

These growth models were used to write a program that would allow one to compare the
theoretical model with the experimental data. The first type of fit utilized both the
Volmer-Weber and Frank-van der Merwe growth models. The macro that was written
for GENPLOT13 to create the theoretical data can be found in Appendix C. Figures 5.3
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Figure 5.3: Plotted ratio data for a current of 3.5 Amps fitted with the Volmer-Weber
growth mode (dashed line) and the Frank-van der Merwe growth mode
(solid line) for a non-sputtered sample.
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F ig u r e 5.4 : Plotted ratio data for a current o f 3 .6 A m p s fitted w ith the V olm er-W eber
grow th m od e (dashed lin e) and the Frank-van der M erw e grow th m ode
(so lid lin e) for a sputtered sam ple.
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Al C overage (M onolayers)
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Time (sec)
Figure 5.5: Plotted ratio data for a current of 3.7 Amps fitted with the Volmer-Weber
growth mode (dashed line) and the Frank-van der Merwe growth mode
(solid line) for a sputtered sample.
Al Coverage (Monolayers)
1 7 .3

O

F ig u r e 5.6 : Plotted ratio data for a current o f 3 .8 A m p s fitted w ith the V olm er-W eber
grow th m ode (dashed lin e) and the Frank-van der M erw e grow th m ode
(so lid lin e) for a sputtered sam ple.
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Figure 5.7: Plotted ratio data for a current of 3.9 Amps fitted with the Volmer-Weber
growth mode (dashed line) and the Frank-van der Merwe growth mode
(solid line) for a sputtered sample.
Al Coverage (Monolayers)
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F ig u r e 5.8 : Plotted ratio data for a current o f 4 .0 A m p s fitted w ith the V olm er-W eber
grow th m ode (dashed line) and the Frank-van der M erw e grow th m ode
(so lid lin e) for a sputtered sam ple.

41

to 5.9 show the theoretical curve overlaying the experimental data. The dashed line
shows the region where Volmer-Weber growth takes place while the solid line represents
Frank-van der Merwe growth. Experimental data seems to follow this theoretical model
well and all of the plots except Figure 5.8 suggest that the aluminum is growing in
islands that are between 5 and 10 monolayers tall. See Table 5.2. After completion of
these 5 or 10 monolayers, layer by layer growth seems to be predominant growth mode.
Figure 5.8 would suggest layer by layer growth, but there are not enough data points to
be certain that it is not exhibiting island growth.
The analysis and fitting of the data discussed in the previous section is a possible
solution but is it unique? To consider this option another program was written utilizing
the same basic theory as was used previously. The difference here is that this program
allowed for more parameters about the growth mechanism to be varied especially
concerning the possibility of mixing or alloying at the interface. The same experimental
data analyzed in the last section was then fitted using this program. Plots of these fits

Sample Designation

Height of Islands (Monolayers)

GMlO

13

GM24

8

GM25

5

GM26

10

GM27

9

GM28

5

Table 5.2: Listing of values for h (island height) used in macro to fit the data.
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Figure 5.9: Plotted ratio data for a current of 3.5 Amps fitted with computer generated
data for an interface mixing/alloying model. Non-sputtered sample.
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F ig u r e 5 .1 0 : Plotted ratio data for a current o f 3 .6 A m p s fitted w ith com puter generated
data for an interface m ix in g /a llo y in g m od el. Sputtered sam ple.
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Al C overage (M onolayers)
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Figure 5.11: Plotted ratio data for a current of 3.7 Amps fitted with computer generated
data for an interface mixing/alloying model. Sputtered sample.
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F ig u r e 5 .1 2 : Plotted ratio data for a current o f 3 .8 A m p s fitted w ith com puter generated
data for an interface m ix in g /a llo y in g m od el. Sputtered sam ple.
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GM 27

40

60

Time (sec)
Figure 5.13: Plotted ratio data for a current of 3.9 Amps fitted with computer generated
data for an interface mixing/alloying model. Sputtered sample.
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F ig u r e 5 .1 4 : Plotted ratio data for a current o f 4 .0 A m p s fitted w ith com puter generated
data for an interface m ix in g /a llo y in g m od el. Sputtered sam ple.
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Sample Designation

Fraction of Aluminum in
mixing layers

Number of mixing
monolayers

GMlO

0.22

50

GM24

0.15

33

GM25

0.22

11

GM26

0.10

30

GM27

0.45

15

GM28

0.75

6

•

Table 5.3: Listing of parameters used in the program to fit the data.

can be seen in Figures 5.9 to 5.14 and the program used to make the fit is located in
Appendix C. Fits from the computer simulation seem to fit just as well if not better than
some of the fits from the previous analysis. Parameters used in the program for each
plot are listed in Table 5.3. The results'here would suggest that there is a relatively thick
region where the germanium and aluminum are either mixing or alloying. Because the
samples were sputtered clean but not annealed, there could have been a non uniform
surface which was filled by aluminum before layer by layer growth occurred. This could
possibly account for a system whereby the aluminum physically mixed with the
germanium but did not alloy. Both this growth regime and the one discussed in the
previous section are viable solutions to the experimental data and perhaps the true
I

solution is a combination of the two. Another component of the growth that was left out
of this analysis to reduce variables is the fact that the aluminum forms an oxide as it
deposits onto the germanium sample. The effect of an oxide formation would be to
reduce the density of the aluminum which would then decrease the intensity of the
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aluminum Auger peak. The algorithms used in the computer models to fit the data in
Figures 5.3 to 5.14 would then be producing intensity ratios that are artificially large.
Certainly, the experimental data acquired here does not have a unique solution though
the two described here produce nearly the same values for deposition rate.
Once a growth model has been fitted to the data the top and bottom axis can be
compared to determine the deposition rate of the evaporator at the particular current
setting. An interesting plot which shows all of the data can be found in Figure 5.15. As
expected, the plot shows the ratio of the aluminum to germanium Auger peak intensity
rising faster for higher current settings. This plot also suggests that there is a point near
3.8 Amps where the evaporator reaches a point at which the deposition rate reaches a
maximum. The deposition rates determined from the Volmer-Weber/Frank-van der
Ratio Curves for Different C u r r e n t s

-----3.6A
— -3.7A
3.8A
3.9A
— 4.OA

300

350

Time (sec)
Figure 5.15: Plot of Auger peak ratios as a function of time for different current settings
on the aluminum evaporator. All of these are for sputtered samples.
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Figure 5.16: Deposition rate as a function of current derived from the VolmerWeber/Frank-van der Merwe model.

C u r r e n t (Amps)

Figure 5.17: Deposition rate as a function of current derived from the mixing/alloying
model.

48

Merwe fits are plotted against current in Figure 5.16 while the deposition rates vs.
current determined from modeling mixing at the interface can be found in Figure 5.17.
Here it is seen that both graphs suggest that ,the evaporator has a maximum deposition
rate of about 10 monolayers per minute. Because both of the graphs are so similar for
the two different models, it would seem that both types of models are taking place during
deposition. The curve that was used to fit the data in this plot was an exponential,
however there are not enough data points to suggest that this is the proper curve.
Support for this stems from the fact that the vapor pressure of aluminum increases
exponentially with temperature10.

If the relationship between the current and the

temperature of the alumina tube in the evaporator is linear or exponential then the
relationship between the current and the deposition rate would also be exponential. It is
obvious that more data points are required to confirm this and so the curve on these plots
stands to be a rough guideline for determining the deposition rate of the evaporator.

Characterization of Al Deposition

Another aspect of the evaporator important for depositing thick films is whether or not
the deposition rate of aluminum stays constant over time. If the evaporator is used for a
long time to the point where the aluminum begins to run out, there will obviously be
some changes in deposition rate. Since this evaporator is considered to be a long lived
source of aluminum4 there should not be any variance in deposition over a span of a few
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Figure 5.18: Plot showing the ratio of aluminum and germanium Auger peaks for three
different samples evaporated onto at 30 minute intervals.

hours. Deposition rate of the aluminum over time was tested by using three separate
samples and placing one of them in front of the evaporator every 30 minutes. If the
deposition rate is the same then the ratio of the aluminum and germanium Auger peaks
would remain constant from sample to sample. The evaporator was operated at 3.6
Amps and samples were placed in front of the evaporator for 90 seconds. Initially the
evaporator was warmed up at 3.6 Amps for 2 minutes before the first sample was placed
in front of the evaporator. Figure 5.18 shows the ratios for each of the samples. From
the plot it can be seen that a line representing constant deposition (dashed line) through
the three points fits well with the experimental data. The error bars for this data set do
not all extend across the constant line perhaps due to experimental error that was not
accounted for. A possible cause of this error is examined in the next section.
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As aluminum evaporates from within the alumina tube it is collimated by the tube
and therefore focused on the sample.

The area of the sample that is covered by

aluminum is then dependent on the distance from the evaporator and the location of the
aluminum within the tube. To study this property a 6x10mm sample of germanium was
mounted on a normal incidence sample holder and positioned IOmm away from the
shroud on the evaporator. The sample then had enough aluminum evaporated onto the
surface to make the aluminum Auger peak sufficiently large. AES scans were then taken
at intervals of Imm across the surface of the germanium sample. Ratios were calculated
and plotted against the position on the sample. This plot along with a gaussian fit to the
data can be found in Figure 5.19. It is obvious from the plot that the variance in
deposition rate across the surface of the sample is considerable and herein lies a source
of error that is difficult to remove. When performing AES it is possible to position the
G a u ss ia n Fit to Depostion D i s t r ib u tio n

0 .4

D ista n ce (m m )
Figure 5.19: Distribution of aluminum across the surface of a germanium sample.
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sample accurately (to within 0.2mm) even after the sample has been moved to be
evaporated on.

For the setup within the particular UHV chamber used in this

experiment, the position of the sample during evaporation can be controlled only by the
human eye. This leads to an error in position of around 2mm which could then cause
individual ratio data points to have an error of up to 10%. One way in which to reduce
this error would be to increase the distance between the sample and the evaporator since
the deviation in thickness would be spread out over a larger area. Error bars in plots 5.3
to 5.14 did not have this error included and for that reason are probably smaller than the
actual error.

Effect of Heating on the Al/Ge Interface

The final test of the evaporator along with a study of the aluminum/germanium
interface was to deposit a thick film of aluminum on the germanium and determine the
effect of heating on the interface. First, it was determined that an aluminum thickness of
approximately 1000 Angstrom would be the optimal in order to separate the aluminum
edge from the germanium edge in the spectrum from RBS. This sample was prepared
with an earlier filament for the aluminum evaporator that was not as extensively
characterized as was the filament currently being used. A rough calculation of the
deposition rate allowed a thickness of aluminum near to what was desired for this
experiment.

The sample was mounted on a titanium holder that also acted as a

normalization to determine beam parameters. Figure 5.20 shows the RBS spectrum for
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Figure 5.20: RBS spectrum of titanium used to determine values for beam energy and
detector resolution.

titanium that was fit using RUMP to determine the beam energy of the incident ions,
0.974 MeV, and resolution of the detector, 28 keV. The initial spectrum of the sample
before heating can be seen in Figure 5.21 which shows the germanium and aluminum
edges. To determine the thickness of the aluminum, a straight line was subtracted from
the spectrum to isolate the aluminum peak.

This peak was then fitted with a gaussian

curve which was calculated to have a full width at half maximum (FWHM) value of 41.8
keV and is shown in Figure 5.22. This value represents the energy difference of an ion
that recoils from the front edge of the aluminum and an ion that recoils from the back
edge of the aluminum. With this value and use of Eqs. 2.3 and 2.4 the thickness of the
aluminum film was calculated to be 751 Angstroms. The equation for the gaussian fit
along with the calculation for the film thickness can be found in Appendix D. After
determination of the sample thickness, the next step was to heat the sample in IOO0C
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Figure 5.21: RBS spectrum for a germanium sample a 750 Angstrom thick film of
aluminum on the surface.
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Figure 5.22: Gaussian fit to the aluminum peak with after background from the
germanium plateau were removed with a straight line.
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Figure 5.23: Plot showing RBS spectra after heating the sample to 300°C, 400°C, and
500°C.

steps and observe changes in the thickness and composition of the aluminum film. The
sample was heated by sending current through a tungsten coil behind the titanium
sample holder (See Figure 2.5) which would then heat the germanium sample. It was
found that there were no changes in the RBS spectrum for the sample in the range of 0°C
to 300°C. Figure 5.23 shows RBS spectra overlaid upon each other for spectra taken
after heating at 300°C, 400°C, and 500°C.

From this plot one can see that the

germanium is migrating to the surface of the aluminum and that the thickness of the
mixing region grows smaller as the temperature increases. Each of these spectra was
analyzed using RUMP simulations to fit the data. The spectrum taken after heating to
300°C show no signs of intermixing at the interface. The next spectrum taken after
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heating to 400°C is shown in Figure 5.24 along with the RUMP fit (smooth line). The
simulation parameters that fit this spectrum suggest a thickness of 760 Angstroms with a
uniform alloy composed of 94% aluminum and 6% germanium.

The fact that the

germanium migrated through 750 Angstroms of aluminum and spread out evenly is a
most impressive achievement. Finally the sample was heated up to 500°C and another
RBS spectrum shown in Figure 5.25 was taken. Once again a RUMP simulation was
used and the fit suggested that the thickness of the alloy changed to 680 Angstroms and
that the composition was 69% aluminum and 31% germanium. The germanium in this
alloy was also uniformly distributed throughout the aluminum. It is unknown whether the
length of time that the sample is heated has any effect on the alloy ratio, though further
testing would not be difficult. There is however a good explanation for the decrease in
alloy thickness. A RBS scan was taken 2mm from the position of all the
E nergy
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Figure 5.24: RUMP simulation (smooth line) compared to real RBS data after heating
the germanium sample to 400°C.
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Figure 5.25: RUMP simulation (smooth line) compared to real RBS data after heating
the germanium sample to 500°C.

previous scans before heating and a RUMP simulation indicated that the film thickness
was 400 Angstroms. This shows that there is an approximated thickness deviation of
175 Angstroms for every millimeter traversed across the sample. Upon heating the
thickness distribution of the alloy attempts to spread out, decreasing where the film
thickness is greater than average. Once again, if evaporation took place further away
from the sample variations in thickness can be greatly reduced.

57

CHAPTER 6
CONCLUSIONS

A range of experiments were conducted and presented within this paper all centering
about thin film aluminum deposition. Initially an experimental model for an aluminum
evaporator was modified and constructed.
sufficiently clean thin films.

This apparatus was deemed to produce

The next step was to characterize the parameters for

operation of the evaporator. The range of operation for the current source begins near 3
Amps and extends to a maximum deposition at 3.8 Amps. At 3.8 Amps it appears that
the deposition rate levels off around 10 monolayers per minute. Testing of the evaporator
over a period of I hour showed that there were no variations in deposition rate over time
during continuous operation.

The deposited film did exhibit variations in thickness

across the surface of the germanium sample of a gaussian nature. This problem can be
effectively reduced by placing the sample further away from the evaporator, Besides this
small problem, the evaporator produces uniform thin films of aluminum to an
extraordinarily precise thickness.
The next area covered by this paper involved analysis of the growth mode of the
aluminum on the germanium substrate. This was analyzed by two methods. First, was
fitting various solutions to island formation followed with layer by layer growth. The
next method involved utilizing a computer model to adjust parameters such as alloying or
mixing of aluminum and germanium at the interface. Both of these growth models fit
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the data closely enough to suggest that perhaps both models were taking place during
deposition of the aluminum. Fitting of the data in this manner led to the determinations
of deposition rate and both models produced nearly the same values.
Finally, the aluminum-germanium interface was studied at various temperatures
through the use of Rutherford Backscattering Spectrometry.
aluminum film remained free of germanium up to SOO0C

Data showed that the
After heating to 400°C

germanium began to migrate uniformly throughout the entire aluminum film which was
about 750 Angstroms thick. At this point germanium composed 6% of the aluminum
film. After heating to 500°C the germanium composed 31% of the aluminum film. It is
not known whether duration of heating or temperature is the main contributing factor to
the composition of the aluminum germanium alloy.
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. APPENDIX A

Fundamental Solution to a Series
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In Depth Calculation of The Volmer-Weber Growth Mode
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In Depth Calculation of The Stranski-Krastanov Growth Mode
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APPENDIX B
Example error analysis:
Iai=63 ± 6

Ioe=Sl ± 6

SR
R

R=63/51=1.2

5R=0.2

Raw Data for GMlO

Time(sec)
0
30
60
90
120
150
ISOt

I ai

0+6
36 + 6
43 ±6
63 + 6
74 ± 6
85 + 6
86±7

Ice
198 ±6
126+6
78 + 6
51 + 6
24±6
19 + 6
5± 7

R atio I ai/ I g6

Ioe

Ratio IAl/ Ice
0
0.09+0.01
0.15+0.02
0.23 + 0.02
0.40+0.03
0.64+0.04
1.01 + 0.07
1.96+0.19 .
2.6+0.2
2.8 +0.3
3.8+ 0.6
5.2+0.8

0
0.22+0.04
0.46+0.06
1.2+0.2
, 4.9± 1.2
9.3 ±2.9
18.75+??

Tnot a valid data point

Raw Data for GM24

Time(sec)
0
30
60
90
120
150
180
210
240
270
300
330

Iai
0±5
25 ± 4
36+6
48 ±5
66+5
88 + 5
114 ± 6
161 + 7
177 ±6.
161 + 5
168 + 7
192+6

280± 5
274+4
237 ±6
211±5
165 + 5
138 + 5
113±6
82+7
67 + 6
57 ±5
44 ±7
37 ±6
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Raw Data for GM25

Time(sec)

I ai

!Ge

Ratio I p J Ioe

0

0+6
30+6
38± 5
50+5
63 + 5
71 + 5
75 ±5
104+5
105 ±5
109 ±5
112±5
120+5
118 + 5
121 + 5
119±5
120+5

353 ±6
376+6
297 ±5
262+5
214+5
176+5
138±5
156+5
123 + 5
103 ±5
92±5
86±5
78 + 5
54±5
42± 5
27 + 5

0

I ai

lGe

0+6
35 + 6
81±6
133 + 8
163 ±7
203 ±8
163 ±8
208 + 7
197 ± 6
198 ± 6

514±6
414±6
293 ±6
208 + 8
167 + 7
119±8
55 + 8
55 + 7
33 + 6
27 + 6

10
20
30
40
50
60
70
80
90
100
HO
120
140
160
180

0.08 ±0.02
0.13 ±0.02
0.19 ±0.02
0.29±0.02
0.40 ±0.03
0.54±0.04
0.67 ±0.04
0.85 ±0.05
1.03 ±0.06
1.22±0.09
1.40±0.10
1.51±0.12
2.24 ±0.2
2.8 ±0.3
4.4 ±0.8

Raw Data for GM26

Time(sec)
0
10
20
30
40
50
60
70
80
90

Ratio I p J I0e
0
0.08±0.01
0.28 ±0.02
0.64 ±0.04
0.98 ±0.06
1.71±0.12
2.96±0.43
3.8±0.5
6.0± 1.1
7.3± 1.6

66

I

Raw Data for GM27

Time(sec)
0
10
20
30
40
50
60
70
80

I ai

!Ge

0±5
52+5
76+5
86+5
90+5
89 + 5
94+5
88 + 5
106+5

400+5
373 ±5
240±5
163 ±5
114+5
81 + 5
67 + 5
39+5
28±5

Iai
0+ 8
48 ±5
55 + 5
56± 4
58± 4
61±5
57 + 5

IGe

Ratio IAi/ IGe
0
0.14+0.01
0.32+0.02
0.53 ±0.03
0.79+0.06
1.10+0.10
1.40+0.10
2.26+0.30
3.8 + 0.7

Raw Data for GM28

Time(sec)
0
10
20
30
40
50
60

469+5
230+5
143 ±5
100±5
65 ±5
49± 5
37 + 5

Ratio W IGe
0
0.21 + 0.02
0.38+0.03
0.56+0.04
0.89+0.09
1.24+0.11
1.54+0.25

67

APPENDIX C
Macro written for GENPLOT to fit data with both The Volmer-Weber and Frank-van der
Merwe growth models. Filename - ratvf.mac

dev ega
hcopy on
force yes
symsize 0.10
read &query -prompt 'Enter Filename:'
archrt
read &query -prompt 'Enter Lower Bounds Filename:'
arch rl
read &query -prompt 'Enter Upper Bounds Filename:'
archru
label I 'A3I_{ Al}/I_{Ge}'
label b 'A3Time (sec)'
label t 'A3A1 Coverage (Monolayers)
xtbp on
=Ioopl
reg top O &query -prompt 'Upper Layers Value? (15)' -default 15
plx bot
pi rt -sym I
symsize 0.02
ov rl -sym I
ov ru -sym I
symsize 0.10
define h=10
create y=2*(0.075/0.14)*[x/h*(l-(0.874)Ah)*(l-.901)]/[(l-x/h+x/h*(0.862)Ah)*(l-.874)]from 0 -to 10 -points 100
plx top
It ,2
OV

create y=2*(0.075/0.14)*[(l-(0.874)Ax)/.126]/[((0.862)Ax)*10.1] -from 10 -to 100 -points
100
I tl
ov
if &query -prompt 'Reset top axis? (I)' -default I goto loopl
annotate
arr /
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label / &query -prompt 'Max value of top scale:'
label / &query -prompt 'Data Name:'
ret
if &query -prompt 'Save graph to wpg file? (I)' -default I hcopy dev wp50
reset
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Program written in turbo pascal to fit data with a simulation allowing one to vary
parameters regarding alloying/mixing thickness and elemental fractions.
Filename - modall.pas

{ This program is designed model the growth of aluminum on a germanium
substrate with an alloy sandwiched inbetween.
Al Pfersch 8-8-96
}
program Model;
label
clo,fwchk,done;
const
allay: Integer = 6;
ffal: Real = 0.75;
dens: Real = 1.94;
sens: Real = 0.536;
mix: Boolean = False; {True=alloy, False=al fill in}
var
DataOutFile: Text;
RatOutFile: Text;
matrix: array[0..81,0..81] of integer;
a,I,J,K,L: integer;
lad,Isb,ratio,atoms,layers,densal: real;
function power(m,n: Real): Real;
begin
power := exp(n*ln(m));
end;
function rat(a: integer): Real;
label done;
begin
a := 0;
lad := 0;
Isb :=0;
densal := dens;
if mix then densal := dens/2;
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if matrix [I,J] = 0 then
, begin
lad := 0;
Isb := I;
goto done;
end;

if matrix [I,J] < allay+1 then
begin
if mix then layers := layers+fral/2;
if not mix then layers := layers+fral;
for I := I to 10 do
begin
for J := I to 10 do
begin
for K := 0 to matfix[I,J]-l do
begin
lad := Iad+fral*densal*sens *power(0.874,K);
Isb := Isb+(l-fral)*power(0.862,K);
end;
Isb := Isb+10.1*power(0.862,matrix[I,J]);
end;
end;
goto done;
end;
if matrix[I,J] > allay then
begin
layers ;= layers+1;
for I := I to 10 do
begin
for J := I to 10 do
begin
(* Aluminum layers on top of alloy layer *)
for K := allay to matrix[I,J]-1 do
begin
lad := Iad+dens*sens*power(0.874,K-allay);
end;
(* Alloy layer *)
for K := I to allay do
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begin
lad := Iad+sens*densal*fral*power(0.874,matrix[I,J]-K);
Isb := Isb+(l-fral)*power(0.862,matrix[IJ]-K);
end;
(* Germanium substrate layers *)
Isb := Isb+10.1*power(0.862,matrix[I,J]);
end;
end;
end;
done:
rat := lad/Isb;
end;

begin
Assign(RatOutFile,'rat.dat’);
Rewrite(RatOutFile);
ClrScr;
a := I;
atoms := 0;
for J := 0 to 11 do
begin
for I := 0 to 11 do
begin
matrix[I,J] := 0;
end;
end;
ratio := rat(a);
gotoxy(l,24);
write('Ratio = ',ratio);
writeln(RatOutFile,0,' ’,ratio);
layers := 0;
fwchk:
for I := I to 10 do
begin
for J := I to 10 do
begin
matrix[I,J] := matrix[I,J]+l;
atoms := atoms+1;
end;
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end;
ratio := rat(a);
gotoxy(l,22);
write('Layers = ',layers);
gotoxy(l,24);
write('Ratio = ',ratio);
writeln(RatOutFile,layers,' ',ratio);
while ratio < 10 do goto fwchk;
goto clo;
clo:
writeln('Finished');
Close(RatOutFile);
end.
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APPENDIX D

Evaluation of aluminum thickness from RBS spectra.

Equation of gaussian fit:
y = 2 1 0 + 1358exp(-(520 -

x)2

/ 633)

FWHM:
exp(-(520 - x ) 2 / 633) = 0.5
x = 520 ± 21
FWHM = AE = 42keV
Kinematic Equations for Thickness Calculations:

[»]■

4=]

Cosy1

AE
■+ £ „

cos O1

cos O0

with;
Nai=6.07x1022 atoms/cm3
Kai=0.5662
Ein=53.24 eVcm2/1015atoms
eout=55.74 eVcm2/1015atoms
01=0
02=25°

leads to;
x=7.5xl0"6 cm or 750 Angstroms

cos 9,
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