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ABSTRACT

Scanning electron microscopy (SEM) is of great importance in the field of material char-
acterisation as the interest of structures which have dimensions of several hundreds of
nanometres and smaller increases continuously. Up to now the resolution of SEM has
been increasing in such an extent that nanoparticles with diameter below 10 nanometres
are able to be depicted sharply. As a consequence of such high magnifications the sam-
ple has to fulfil special requirements. To make non-conductive samples suitable for an
SEM investigation, one opportunity is to coat the surface with a metallic film. There are
several methods for doing this kind of preparation - one of the most commonly used
techniques is a physical vapour deposition technique, called DC magnetron sputtering.
This master thesis deals with the improvement of such kind of metal films which have
to be applicable for High Resolution SEM (i.e. super fine grain structure, continuous
film etc.). Therefore the physical process of the sputter coating and also the elementary
processes of the formation of thin films were observed to understand the basic deposi-
tion physics of this film growth. DC magnetron sputter coaters of Leica Microsystems
and also other competitors generate films where micro structures occur which make
the usage for HR-SEM impossible. In order to characterise the films, SEM was comple-
mented by other measurement techniques like transmission electron microscopy (TEM)
and atomic force microscopy (AFM). Furthermore numerical and image processing tools
were evaluated to quantify the quality of the deposited films, like the power spectral
density function, the autocorrelation function or the watershed algorithm.

All in all, the findings allowed for a significant improvement of the metal films of differ-
ent materials making them suitable for HR-SEM. The number of ditches in the films was
minimised and the quality of the thin film was quantified for the most used materials.
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BASICS OF SPUTTERING

Thin films can be generated by several kinds of physical vapour deposition (PVD) tech-
niques. It is useful to understand how thin films are produced to find out which parame-
ters influence the growth or the formation of micro structures. In this case physical means
that these coating methods use mainly physical processes to evaporate a substrate with
the coated material. In contrast, chemical vapour deposition involves mainly chemical
reactions to generate films.

PVD has a lot of advantages like a wide range of coating materials, like metals, alloys
and even insulators. But the main aspect why PVD is more interesting than other meth-
ods for generating thin films is that a slight change of the process parameters can lead to
a dramatically changed behaviour of the film like morphological or optical and magnetic
properties [4].

Especially the morphology change by variation of the process parameters is the aim
topic of this master thesis and has to be discussed in a scientific way. First of all the
understanding of the device which generates the film is necessary. The device produced
from Leica Microsystems is a DC magnetron sputter coater. Before this slightly more
complex method will be described the basics of a conventional sputter coater will be
explained more in detail.

1.1 DC SPUTTERING PROCESSES

As the name of the section let already assume, a stationary electromagnetic field is ap-
plied between an anode, where the sample can be mounted, and a cathode. The target
material, for instance gold or an alloy of gold-palladium, represents the cathode.
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Figure 1: Schematic of a conventional dc sputter coater [16]

The environment around this circuit is well-defined through a chamber in which the
pressure can be set to an arbitrary value in a mid-vacuum range (3- 103 Pa to 1- 10~ Pa).
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Figure 1 shows the schematic arrangement of a conventional DC sputter coater. By fun-
neling an inert gas into the chamber, i.e argon, some already generated Ar"-ions, which
stem from the cosmic radiation, accelerate to the negatively charged cathode and hit
the target material. If the kinetic energy of the ion is higher than the binding energy
between the atoms inside the solid some target atoms eject from the material with a cer-
tain energy distribution and a certain angular distribution, respectively. Apart from ion
emission, secondary electrons are ejected too. These negatively charged particles, which
are approximately ten thousand times lighter than ions, move to the substrate due to the
positive potential.

The neutral target atoms form the film and the electrons with their high kinetic energy
heat the substrate on one hand and collide with the atmosphere inside the chamber on
the other hand. A collision between secondary electrons with a kinetic energy above the
first ionisation energy leads to ionisation of the noble gas. Due to the fact that always
more than one secondary electron per target atom ejects from the target leads to an
avalanche-like production of Ar*-ions. The higher the amount of the ions the higher the
yield of target atoms and the deposition rate increases. But the likelihood of ionisation of
an argon atom is quite small. The ionisation probability depends on the propagation way
of the secondary electrons through the argon atmosphere. The way, the electron is able to
collide, goes from the cathode where it is generated to the substrate. It is necessary to get
a high yield of target atoms to reach the critical deposition rate, where a homogeneous
film can be formed. A high yield by a low propagation path of the electrons will just
appear, if the number of argon atoms inside the chamber has increased. Then the mean
free path of the electrons is short and the ionisation probability rises.

Nevertheless a high ionisation probability by increasing the argon pressure leads to a
high collision rate and also a high loss of kinetic energy of the target atoms. Not only
electrons have to move to the substrate, the neutral target atoms collide with the argon
atmosphere, too. Also the film growth depends on the kinetic energy of the target atoms
when they get adsorbed on the surface of the sample.

Companies, which build sputter coaters, offer some changeable parameter to the user
interface of their products. This makes it possible to adapt the quality and different prop-
erties of the sputtered thin film to the requirements of the sample or the further analysis
procedure. But the question is: What is the physical effect behind some parameters? A
short summery of the most important parameters should establish clarity:

e The working distance describes the distance between substrate and cathode. The
higher the distance the higher is the collision rate between target atoms and argon
atoms, but also between electrons and argon atoms.

e The strength of the electric field can be varied by the applied voltage between target
and substrate. Increasing the field strength leads to faster ion projectiles which are
accelerated to the target. A higher yield of target atoms will arise. The amount of
the kinetic energy is not as much affected as assumed intuitively because the argon
atmosphere thermalises the energy of the faster target atoms.

Goehlich et al. [10] dealt with the subject of energy distribution of the ejected atoms
and described the behaviour with the Thompson energy distribution in Equation 1

E

B < g,

(1)

E is the energy of the ejected atoms in [eV] and Ey, defines the surface binding en-
ergy in [eV] of the target material. But this formalism is just valid, if the sputtered
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atoms get a much smaller energy than the argon ions. The energy distribution is
described in Figure 2.

Stuat et al. investigates the energy distribution of sputtered copper atoms by dif-
ferent ion energies of krypton [29]. The detailed description of this process follows
in Section 1.2.3. Beforehand, the result is shown in Figure 11. With higher kinetic
energy of the projectiles, the number of target atoms with higher kinetic energy
increases but the position of the maximum of the energy distribution does not

change.

e The argon pressure represents a leading parameter for the morphology of the sput-
tered thin film [27]. It depends on the number of argon atoms inside the chamber.
Low argon pressure reduces the collision rate, hence the yield of target atoms de-
creases and also the kinetic energy per adsorbed target atom falls down through
the missing thermalisation process. This parameter influences the size of grains
and islands which interacts with the film growth.

e Not only the target atoms are adsorbed on the surface of the substrate. Also residual
gases inside the chamber can be adsorbed on the substrate. This leads to built-in
impurities in the film. Therefore the vacuum pressure before the sputtering process
determines the quality and also the electric behaviour of the sputtered film.

e The sputtering rate, which will be discussed in detail at the next chapter, describes
the number per time of deposited target atoms on the substrate. But the yield of
target atoms depends also on the geometry. Hence, next to the energy distribution
an angular distribution of the sputtered atoms occurs. There are some parameters
which are changeable to optimise the angle and the homogeneous film growth.
These are called tilt and rotation and can change the angle of the substrate to the
target and the rotation speed perpendicular to the substrate plain, respectively.
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Figure 2: Thompson energy distribution of sputtered Al-atoms [10].

The big disadvantage of an conventional DC sputter coater is obviously the low sputter-
ing rate and also the bombardment of electrons to the sample which leads to a rise of
temperature on the substrate. Therefore, a more complex method was invented to rem-
edy these shortcomings, called DC magnetron sputtering. This method is applied in the
device LEICA EM ACE 600 which is mainly used during this master thesis to investigate
the influence of different parameters on the sputtered film.
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1.2 DC MAGNETRON SPUTTERING

The enhancement from the DC sputtering to the DC magnetron sputtering contributes a
lot of advantages with regard to the efficiency of producing target atoms and the intro-
duction of temperature into the sample. The main difference is the additional magnetic
tield surrounding the target.

Il
'

Magnet
N/ R
7 g L B ZEa

1 j
Cathode R— . W '

Low-density
plasma

Anode l

Figure 3: Schematic of DC magnetron sputtering [15]

In most cases the magnetic field is implemented by a permanent magnet which is

located behind the target (see Figure 3). The reason why a magnetic field is used is that
it traps the produced secondary electrons near the target through the Lorentz force like a
magnetic bottle. In this way, the much heavier ions are widely unaffected due to the low
field strength. The magnetic field lines form an annularly closed flux of the secondary
electrons. In comparison to the section before, the maximum path of the electrons inside
a conventional dc sputter coater stretches from the target to the substrate by a very low
argon density. The closed circular motion of the electrons with the aim of the magnet
field leads to a high enlargement of the propagation path. Thus, the larger the way of the
electrons the higher the probability of argon ionisations. Therefore, a lower density of
the argon atmosphere lasts to generate enough projectiles for a high sputtering rate. But
low density of Ar reduces the scattering events between the argon atmosphere and the
produced target atoms. A low number of scattering events carries the disadvantage that
the sputtered atoms are more non-uniformly impacted to the substrate, but with higher
kinetic energy [15].
On the other side, there are several kinds of DC magnetron sputter coaters. Kelly et
al. published an overview article about different kinds of magnetron coaters [14]. The
principles are always the same, but there are different arrangements of the magnetic
tield which have consequences on impacting particels to the sample. Therefore the film
growth will be changed. Leica uses a balanced magnetic field between the inner and outer
permanent magnets. An unbalanced magnetic field means unclosed field lines between
the poles. This affects the ion current to the substrate without biasing. The unclosed field
lines lead to extracting electrons from the plasma directed to the substrate. The strength
and the formation of the magnetic field lines of the outer permanent magnet varies the
ion current.

1.2.1  Plasma Confinement

A glow discharge is necessary to emit particles from the target surface. A low gaseous
environment decreases the efficiency of particle emission, hence developing a more effi-
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cient way to generate target atoms is required. Trapping particles within a plasma ring
offer a possibility.
Typical plasma temperatures are about 10000 K and more. This thermal energy leads to
delocating the electrons from their atomic cores. Free positively charged ions and free
negatively charged electrons interact through the Coulomb force among themselves. The
motion of particles can be described by following equation of motion:
m@:q(ﬁwxﬁ)ﬁ, (2)
dt
where m is the mass of the accelerated particle in [kg] which acceleration is [dv/dt] in
[m/s?]. qv x B is the Lorentz force, where q is the electrical charge of the particle in [As]
and B is the necessary magnetic field vector in [T], E is the applied electrical in [V/m]
and F defines all other external forces in [N]. This mathematical formalism describes the
motion of particles within an environment where an electric field and a magnetic field
is applied, which is directed perpendicular to the electric field. To get a solution for the
velocity out of the equation of motion, a splitting of the velocity into two parts, an electric
and a magnetic part, is necessary to get a better illustration of the problem.

e If F=0, B =0and E = const., where the electrical field lines of E are linear and
parallel, the particles move along a linear trajectory with the velocity v in [m/s] and
their starting velocity (including the direction) vj in [m/s].

V:%ﬁt—ﬂ% (3)

e If F =0, B = const. and E = 0, where the magnetic field lines of B are linear

and parallel, the particles are accelerated perpendicular to the direction of v and
B (right-hand rule). And V can be written as V = V| + v to the direction of the
magnetic field lines B.
In first approximation, to be able to understand the motion easier, the parallel
component of the particle velocity will be set to zero vjj = 0. The particle moves
along a circular trajectory with the gyroradius rq in [m], or also known as Lamor
radius. The centrifugal force and the Lorentz force balance each other.

mv |
eB

Tg = (4)
How fast particles move within the circle depends just on the type of the particle
and not on the velocity v . The angular velocity wg in [rad/s], or also called Lamor
frequency, is defined as

v (4
Wg=-+==—B (5)

Ty m
In general, ions move along a bigger gyroradius, but with much slower (smaller
wyg) velocity than a thousand times lighter electrons.

The combination of these two special cases is a motion of a particle with a velocity with a
parallel and a perpendicularly directed amount within an applied electrical and magnetic
field. This general case leads to an overlap of the particular solutions. The particles move
along a circular path perpendicular to B with an overlapped linearly translational move-
ment along the direction of the magnetic field. The direction along the magnetic field
lines is the same for all particles, but the direction of motion of the gyration depends
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Figure 4: E x B drift leads to a changing of the particle motion [30].

on the sign of the charge carrier. The combination of these two solutions has another
consequence on the motion of particles.

The presence of a magnetic field perpendicular to the electric field causes a shift of
the gyration orbit. On one hand the circular path changes to a cycloid path and on
the other hand a shift of the resulting direction occurs. Figure 4 shows the change of
the direction of the resulting velocity. Like the special case before, a magnetic field forces
charged particles along a circular path. On one hand the additional electric field slows the
particle at the movement against the field lines, and on the other hand it will accelerate
the particles during the the motion along the electric field lines. The resulting motion is
a cycloid orbit, which is directed perpendicular to the magnetic field and perpendicular
to the electric field. An example how an electron moves in this environment is shown in
Figure 5.

B+#0

dB
— 0
dz ;

E+#0
i

Figure 5: Cycloid orbit by presence of a planar homogeneous magnetic and electric field [22].

But the magnetic arrangement, which has been discussed, is just a simplification of the
real configuration of a planar DC magnetron sputter coater. The curved magnetic field
lines, which are hinted in Figure 3, differ from the assumption of Figure 5. There two
spatial gradients of the magnetic field lines occur, due to the special form of the field,
which looks like Figure 6. The VB and VB, change the motion of the particles in a
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more complex way. But this changes can also be simplified, if the relative field gradient
tulfil the following condition:

el 1
B Tg

(6)

Equation 6 means that the relative field gradient has to be much smaller than the
reciprocal gyration radius. If this is the case, the variation of the motion is a change of
the radius and an additional drift velocity. Generally, a concretion of the field lines leads

ELECTRON
MAGNETIC

CATHODE

Figure 6: Illustration of a magnetic mirror [30].

to a smaller gyroradius. If the density of the field lines drops it has the opposite effect.
If the VB reaches its maximum and the amount of VB falls down to the minimum
a further effect takes into account. The place, where this happens, is at the inner and
outer radius of the plasma ring, due to the fact that the magnetic moment of the particles
is constant. The particles, which are moved to the inner or outer radius, are reflected.
Figure 6 illustrates the effect of a magnetic mirror, which occurs, when the VB reaches
its maximum. These discussed phenomena leads to trapping of the electrons inside an
dc magnetron sputter coater. The E x B drift is the main reason why a closed plasma
ring exists and the theory of a magnetic mirror explains, how electrons are able to be
trapped inside a plasma.

1.2.2  Ejection of Atoms from a Solid

Now it is already considered how a plasma is formed. The collision inside the plasma
with the argon atmosphere in the chamber generates ions. These ions are accelerated to
the target, a solid metallic material which acts as donor for the film generating atoms.
When particles impinge on matter they interact. Especially for well-defined structures,
like a solid, the physics behind these processes can be written in a mathematical formula.
G. M. McCracken [20] showed a summary about all relevant interactions between ions
and a solid metal in different range of energies of the incident particles in his report. In
general, Figure 7 depicts all kinds of relevant interactions.

McCracken [20] also regards the difference between the physical behaviour between bulk
and surface states. Thus the mathematical description at surfaces is distinguished from
formulas, which can be applied for regular solutions inside the bulk. The bulk consists of
infinity bread lattice, even known as periodic boundary conditions. It does not consider
any appearance of finite states.

The main difference between surface and bulk relating to the bonding energy of atoms is
the missing of at least one neighbour atom. An absent atom reduces the bonding energy
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Figure 7: Processes occurring on surfaces. [20]

and leads to a loosely bound surface atom which ejects as easy as an bulk atom. So
topography and surface defects of the target material become more important. For this
reason, many experimental work and also theoretical work has been done since the early
seventies to conclude measurements into a close mathematical formula. McCracken [20]
did a lot of experiments, which led to a better physical understanding of the occurred
behaviour.
Interactions can be divided into two main parts. Those, which transfer energy, are called
inelastic interactions and those interactions where no energy transfer occurs are called
elastic interactions. In cases of ionic particles arriving at surfaces, which are generated
within the LEICA Sputter Coater, just particles in low energy range around 200 eV are of
interest. Therefore, not all showed interactions of Figure 7 are considered. Mainly elastic
effects are dominant, but also some inelastic interactions, especially for a magnetron
sputter coater, take place. If an ion of the plasma comes near the metallic surface, it has
a certain probability that it will be backscattered if it collides with the electron cloud or
the lattice atoms, respectively. Due to the collisions the incident ion will decelerate to
thermal velocities and gets trapped into the lattice. The amount of electronic collision
is high compared to collisions with the lattice atoms and will numerically be defined
as a continuous energy loss. In contrast, the amount of nuclear collisions are rare and
can be described by two-body collisions, where energy and momentum are conserved.
These different types of energy loss lead to different particle emission from the surface.
An electronic collision generates excitations and ionisation. At higher energy of the ion,
ionisation effects lead to emission from high energetic photons, like x-rays. But this part
will be neglected because ion energies of a few hundred electron-volt will just knock out
electrons from the outer shell of the lattice atom. No x-ray emission occurs. Photons can
be ejected if the collision appears near the surface, otherwise the quasi-particle will be
absorbed from another lattice atom. The ejection of photon results from the de-excitation
of an excited lattice atom on the surface. As seen in Figure 7, secondary electrons have
also left the solid. They are generated in the conduction band of the solid and are emitted
directly, if they have sufficient energy. Otherwise they recombine with lattice defects.
For efficient magnetron sputtering the emission of neutral target atoms and secondary
electrons are of peculiar interest. In 1960 reports about sputtering theories described the
phenomena with theories based on cascades of atomic collision due to kinetic energy of
the incident projectiles, like in Figure 8(a). These theories can’t be held, since preferential
directions of ejection of atoms from single crystals were observed. Late 1969, Sigmund
published a theory, which is based on random collision processes too, but he calculated
with Boltzmann’s equation and general transport theory. As a consequence, the experi-
mental measurement overlaps with Sigmund’s theoretical prediction. The effect of eject-
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Figure 8: Sigmund’s Energy Regimes: (a) single-knockon regime - for slow and low mass ions;
(b) linear cascade regime - S(E) according to Equation 7; (c) thermal-spike regime - the
high energy regime with evaporation characteristic.

ing target atoms from a solid, called sputtering, occurs according to [20]: When the energy
of the primary ion is sufficient to transfer an energy greater then a displacement energy of a lattice
atom, then a collision cascade can be initiated. If this cascade intersects the surface with atoms
whose energy is greater then the surface binding energy, then sputtering takes place.

How much neutral target atoms, which are able to produce metallic thin films, emit of
the surface per incident ion is described by the sputtering yield. For low energetic ions
(where Eion = 0.1 —1 keV ) the quantity depends mainly on the ratio of masses between
the incident ion an the lattice atom and their kinetic energy. It can be written as

3 4m1m2 E
S(E) = oy — 2 =
(£) 0647_(2 (my +m2)? Up

(7)

where m is the atomic mass of the incident particle in [amu = 1.6-1072"kg|, m, is the
atomic mass of the lattice atom in [amu], « is a dimensionless quantity depending on the
ratio 12 and Uy is the surface binding energy in [eV].

The formula above is not accurate for light ions which are impinged a target with
lattice atoms with high atomic mass. S(E) is quite constant for a mass ratio of 1 ~ 1. The
mass dependence of the sputtering yield is shown in Figure 9 and illustrates the above
formula of Sigmund. For argon ions with a kinetic energy of 400 eV a periodicity along
the transition metal can be observed for the sputtering yield. But sputtering occurs just

above a characteristic threshold energy Ey},. This energy lies between 10 and 30 eV, which
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Figure 9: Sputtering Yield by different target materials [5].

depends on the combination of the incident ion and the used target (the ratio of masses).
If the incident ion bombardment impinges perpendicularly on the surface, the sputtering
yield increases nearly linear, like in Figure 10 (left). If the kinetic energy increases further
to about 10 keV, the thermal-spike regime will overcome and implantation effects appear.
Implantation means that ions stick deeply in the solid and the whole kinetic energy is
transferred to the lattice.

Geometric effects lead to variation of the sputtering yield too. According to [5], it was
observed that the yield of target atoms does not reach a maximum when ions bombard
a solid perpendicularly to his surface plane. If the angle changes slightly a maximum
occurs by about 60 degree, which is shown in Figure 10 (right). The essential change of
the direction of the momentum is much smaller at 60 degree and more kinetic energy
can be used to eject target atoms. At higher angles the sputtering yield increases again
due to the reflexion of the ions at the surface.

In summary, it can be stated that the maximum sputtering yield will get with a mass
ratio between ions and target atoms about 1, at an incident angle about 60 degrees and
with energies within the linear range between 100 and 1000 eV.
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Figure 10: Energy (left) and angle (right) dependence of sputtering yield [5].
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1.2.3 Energy Distribution of Sputtered Atoms

Sigmund and Thomson [16] deduced a theory, how sputtered atoms emit from a sur-
face of a solid. Especially Sigmund showed that emission of atoms of a single crystal
target prefer a certain direction. In most cases, for generating thin films for instance, it
is necessary to produce a homogeneous film. Therefore, an ideal sputter coater emits
target atoms uniformly over the whole solid angle. This ideal state is just possible, if
the emission is randomly distributed at the beginning of the sputtering process. A sin-
gle crystal cannot fulfil this condition. Today one reason why target material is as much
expensive as conventional metal, is the amorphous/polycrystalline state. Complex cool-
ing processes are invented to fabricate such materials. Another important reason for the
high costs is certainly the grade of purity. In Section 1.1, where the principle of a sput-
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Figure 11: Energy distribution of sputtered Cu-atoms by different ion energies [29].

ter coater is described, a short outline about energy distribution of sputtered atoms is
given. It is known that the sputtered atoms follow the Thomson distribution as long as
the linear cascade regime is effective. Within this range the relative shape of the energy
distribution is independent of the ion energy and the angle which the ions impinge the
target surface. The maximum peak (sputtering yield increase during the linear cascade
regime) becomes higher, but the value of the energy is still the same, like Figure 11 shows.
Stuat and Wehner were concerned with the energy distribution of sputtered atoms from
crystalline and also polycrystalline copper surfaces in their report [29]. But at the lower
threshold of the energy range deviations of the predicted Thomson distribution are ex-
pected. In Figure 11 a lightly shift of the maximum peak towards lower energies can be
seen on the graph at an ion energy of 8o eV. Goehlich et al. observed also a steeper fall-off
of the energy distribution and an angular dependence and reports about the results in
[10].

By using a magnetron sputter coater both regimes are of interest depending on the pa-
rameter for the voltage and on the chamber atmosphere. On one hand a high argon
pressure leads to many projectiles but on the other hand it slows the ions and also their
kinetic energy for the impinge at the target surface. If the linear cascade regime is aban-
doned it has a bearing on the thin film growth due to the changed sputter rate.
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1.2.4 Secondary Electron Emission

Mainly elastic interactions between ions and surface were discussed. An important role
plays the emission of secondary electrons as consequence for inelastic interactions. The
emission of secondary electrons is a theoretically understood effect and it applies in
many analytically scientific devices, like in the scanning electron microscopy. The total
yield of electrons per incident ion vy is proportional to the continuous energy loss of the
incoming ions and is independent from the used target material.
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Figure 12: Yield of secondary electron emission [20] (left). And on the right the Banddiagram of
the Auger neutralisation by emission of a secondary electron [20]. Where ¢ is the work
function, ¢g is the Fermi energy, « is the energy level of the tunnelled electron, 3 the
energy level of the Auger electron and E} the ionisation potential of the ion modified
by the surface.

Figure 12 (left) depicts y respect to the kinetic energy of the incident ion by two differ-
ent types of ions. The energies extend over ranges of several keV. It can also be seen that
there will be two kinds of ejections. The potential ejection, which applies just in the low
energy range, and the kinetic ejection, which rises linearly for both argon and krypton
ions. The slope of the kinetic part is always the same for all metallic materials, just the y
interception of the linear function varies.

This shift towards the y-axis is explainable with neutralisation effects of the incoming
ion. If the neutralised ion is in the ground state no potential emission occurs and there-
fore vy = 0 at low energies. Till a certain threshold energy is reached, the emission of
secondary electrons starts and increases linearly. The neutralisation is mainly caused by
Auger neutralisation. An electron from the Fermi gas inside the metal tunnels through
the potential barrier and fills the missing place of the incoming ion shell to form a neutral
atom, see Figure 12 (right). The remaining energy of the electron releases and transfers to
an electron of the Fermi gas. This energy is sufficient to emit this electron as secondary
electron.

The energy [20] which gets the released electron is then given by

Ex =F) —a—pB. (8)

Secondary electrons release the surface with a few eV and will accelerate towards the
plasma ring inside the sputter coater , which needs the electrons to produce as much
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ion projectiles as possible due to collisions with electrons. This process enhances the ion
bombardment and therefore the sputtering yield increases dramatically.

1.2.5 Thermalisation

Afterwards a significant amount of sputtered neutral atoms has been ejected from the tar-
get by a constant environmental atmosphere, argon for instance. The atoms fly through
the chamber towards the substrate through this atmosphere and collide with the argon
gas. The atoms loose kinetic energy continuously, till they arrive at the substrate. Meyer
et al. calculated a model, how this energy loss occurs by the thermalisation process in
[21]. Especially they are considered with the energy distribution on the substrate by sput-
tering niobium and copper in low energy regime.

They started with particles which follow the Thompson distribution as the initial energy
distribution. These particles are able to interact with the argon sputtering gas, which is
Maxwell-Boltzmann distributed inside the chamber. Main parameters for the energy loss
are the distance between target and substrate, called working distance, and the sputter-
ing gas pressure, which determines the atmosphere. Meyer [21] found an expression, of
which behaviour is in good agreement with experimental results and is given by

1

E
Er = (Eo —kgTg) - exp [nln (Efﬂ +kgTe, (9)

where E is the initial energy of the sputtered atoms in [eV], Tg is the sputtering gas
temperature in [K], E—f is the ratio of energies before and after a collision and n is the
number of collisions.

The number of collisions [21] is expressed by

d-p-o
kpTg ’

(10)

where d is the distance in [m], p is the sputtering gas pressure in [Pa] and o the collision
cross section in [m?] (assumption of hard core interaction) and kg is the Boltzmann factor
in [J/K]. With the formula of Equation 9 a discrete evolution of the energy distribution
can be calculated by various working distances and various pressure settings. The results
of Meyer are shown in Figure 13.

The evolution of the energy distribution shows that a small change of distances at
macroscopic dimensions leads to a rough change of the energy distribution, which im-
plies a large change at microscopic dimensions. A complete thermalisation of copper
and niobium atoms is fulfilled at about d = 20 cm. This means that the sputtered atoms
near the substrate adopt the Maxwell-Boltzmann distribution from the surrounding at-
mosphere. Graphs between d = 0cm and d = 20 cm depict a sharp cut-off at certain en-
ergies, which changes continuously to smaller energy values. So, the initial high-energy
tail transforms to a cut-off drastically. Just slow particles impinge the sample after an
collision-full way to the substrate.

1.2.6  Surface Damaging Effects

For sure, ejection of atoms causes a damage of surfaces of a target material. The topog-
raphy of a target in its ideal state should be planar and totally free of dislocations and
vacancies. As a consequence, deviations from this state lead to different sputtering pa-
rameters and a strongly angular dependency of the incident ions.

15



16

BASICS OF SPUTTERING

|nitial State Copper at p=10 mTlorr Niobium at p=10 mTorr
T

T 400 T T T
o (o) (a)
: d=0cm
4
|

FLUX (Arb. Units)
o = m " s o

Nb

1 |

o © 20 30 40 _
ENERGY (eV}
’ £ 1000 (b) -
2 — _
Comparison of Average = d=3cm d=3em
Energy Loss between Cuand Nb % 500 | 100 -
z — T T : | |
i :
5 l | ] | 1
¢ ° T T I 0 f T i
ot N
i T o ] (c) 400 e} —
E.O»I_A-_:; 2000 | d=6cm d=6cm
o L] 20 0
DISTANCE fcm) A |
1000 K 200
o L 1 I 0 L I 1
o 10 20 30 40 [¢] 10 20 30 40
ENERGY (eV) ENERGY (eV)

Figure 13: Energy distributions before (left upper corner) and after thermalisation by various
distances between target and substrate [21].

By generating low energy projectiles the transferred momentum is quite small in compar-
ison to high energetic particles. Due to this fact the change of topography is also relatively
little, but non-zero. The sputtering coefficient S, which is just proportional to the ratio of
masses along the linear cascade regime, gets to an angular dependent quantity S = S(0).
Hence, the rate of erosion is then given by

R=¢ -ncosb-S(0), (11)

where ¢ is the incident flux density and n is the atomic density of the surface.

Typically no material is really totally free of impurities, therefore it always exists a small
amount of angular dependence and deviation of the theoretically calculated sputtering
coefficient, but at the low energy regime about a few hundreds of eV those effects keep
within limits. According to this approach it will be marked that surface damaging ef-
fects leads to deviation of the sputtering coefficient. This will be neglected because the
quantity is too small to quantify it experimentally.
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Sputtered atoms fly toward a substrate, where they transfer their whole kinetic energy to
the surface. At certain environmental or certain surface conditions many of these atoms
stick at the surface. They are now called adatoms. The term adatom means a bounded
particle on a surface through adsorption effects. In some letters you will read monomers
instead of adatoms. This means still the same, but comes from the idea that monomers
form the smallest basis of a whole film. These kinds of particles interact with the surface
of the substrate naturally. Historically E. Bauer was a German physicist and a pioneer
for the theoretical understanding of film growth and published his theory in [2] . In
the first assumption the problem was described by macroscopic quantities like surface
energy o inspired by the surface tension, like a droplet falling on a substrate. Atoms or
molecules interact with themselves, with the substrate and the interface between atoms
and substrate. This energy transfer is summarised by their specific surface energies and
can be written as:

A= Oadatoms T Ointerface — Osubstrate (12)

Depending on whether the sign of A is positive or negative, the growth and therefore the
morphology becomes different and several growth modes can be observed. Assuming A
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Figure 14: Three growth modes as function of coverage 6 [32]: (a) Volmer-Weber mode; (b)
Stranski-Krastanov mode; (c) Frank-van der Merwe mode

becomes zero or negative, on one hand it is possible that a layer by layer growth, also
called Frank-van der Merwe (FM) growth, appears and on the the other hand a layer
and island growth, called Stranski-Krastanov (SK) growth, grows. At both modes a full
wetting of the substrate follows. At FM growth the first monolayer wets the substrate
as the interaction between substrate and film is stronger than the interaction between
the adatoms. Osypstrate is the dominant part of the whole energy term. The difference
between FM and SK is that the surface energy term of the substrate is quite lower and
therefore every new grown monolayer screens the range of the interaction of the sub-
strate. If 05y bstrate becomes smaller, the surface energy of the interface dominates the
energy transfer and islands rise up. That is still the same like a water droplet on a rough
surface, the surface energy of the interface is too high for wetting the substrate. The sur-
face tension of the water droplet will minimise and a sphere is formed. In nature the
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lotus flower uses this effect to clear its leafs by the so called lotus effect.

The third growth mode is the Volmer-Weber (VM) growth. No complete wetting of the
substrate can be observed and just islands rise up. VM growth appears, if the 0sybstrate
is not really existing and ointerface dominates the energy transfer from the beginning
of the growth. Figure 14 shows the described film growth modes schematically based on
Bauer’s theory.

If the material of substrate and sputtered atoms differs, many kinds of additional effects
occur, which are not regarded in the strongly simplified theory of Bauer. There are sev-
eral diffusion processes, which arise between adatoms and substrate and are also lateral
to the substrate plane. However, a macroscopic view of film growth is not enough to un-
derstand the whole physic behind. An atomistic point of view is used by the kinetic gas
theory and the resulting rate equation which leads to a bit more realistic conditions for
predicting film growth on different behaviour of the sputtered atoms and the properties
of the substrate.

2.1 ATOMISTIC ELEMENTARY PROCESSES DURING FILM GROWTH

Bauer [2] recognised that the film growth depends on the sticking adatom at the begin-
ning of the sputter processes. These adatoms are near the surface and interact strongly
with the substrate. The later the evolution of the film the lower is the influence of the
substrate. This makes it clear that the change of the growth mode lies at the early stage of
the film formation. But the macroscopic quantities cannot describe processes on atomic
dimensions.

Arrival (R)  Re-evaporation Surface
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Figure 15: Most important surface processes and characteristic energies in nucleation and film
growth [32].

Therefore, Venables [32] dealt especially with the diffusion processes at the beginning

situation of sputtered atoms impinging on the substrate. Figure 15 summarises the most
important processes. The main difference of Bauer’s and Venable’s [32] theory is that
Bauer assumed that the sputter processes occur mainly in thermodynamic equilibrium.
But it was shown that this assumption is wrong, because sputtered atoms arrive at the
surface far away from thermal equilibrium almost entirely. Thus, a lot of kinetic effects
appear which have to be considered in a closed mathematical theory.
Venables [32] used the kinetic gas theory to express the rate equation which describes
the amount of sputtered atoms after the thermalisation process through the chamber
atmosphere. This represents the first atomic process - arrival of a sputtered atom on the
surface. Near the surface the incident atom interacts with surface atoms. The atoms feel
a potential on every randomly arrived position, but they seek being in a local minimum
around the impinged position. The kinetic energy of the particle transfers to the lattice
of the substrate by a few jumps from site to site. If the kinetic energy of the moving atom
is too low to jump to the next side, it gets bonded on the surface. The process of bonding
an atom at the surface is called adsorption. E, the adsorption energy is about a few eV
~1—2¢eV.



2.2 FURTHER EFFECTS BASED ON ATOMISTIC PROCESSES

The energy transfer from the atom to the substrate is another atomic process. But if
the threshold energy is transferred, it does not mean that the atom sticks rigid on its
last position. The adatom gets thermal energy of the solid by the phonons to leave the
current position and is able to move easily a few steps. This behaviour is described by
the mobility.

The most important process is the lateral surface diffusion. The diffusion along the
substrate plane is responsible for many followup effects like nucleation, grain size, etc.
This diffusion depends on the mobility of the adatoms on the surface. An atomic quantity
describing the mobility is the diffusion coefficent D, which is based on the remained
kinetic energy of the adatom and the temperature of the substrate. The way how the
atom jumps from lattice site to lattice site can be seen theoretically as random walk. The
distance between starting point and end point is the effective waylength 1 in [m]. 1 is
given by the Einstein’s relation [32]

1=+vDrt (13)

where D describes the diffusion coefficient in [m?/s] and 7 the time for a jumping event
in [s]. And D is defined as

E
2, d
D = a“vyp exp( . s) (14)

where a is the lattice constant in [m], v¢ is the amplitude of the diffusion frequency in
[1/s], Eq is the diffusion energy in [eV] and Ts is the substrate temperature in [K]. The
probability to leave the bonded state of an atom is low, but still there. The so called
desorption process appears for single loosely bound adatoms. The desorption energy is
the same as the adsorption energy, but with opposite sign. Thus, the transferred energy
from the phonon reservoir of the lattice suffices that the adatom leaves the surface and
becomes a free atom again. The probability for doing this kind of atomic process drops
if more adatoms come close together to form a grain.

2.2 FURTHER EFFECTS BASED ON ATOMISTIC PROCESSES

The discussed processes lead to different growth modes, depending on which single
process is dominant. There are two main effects which can occur, if some behaviour of
the substrate or the impinged atom will be changed.

2.2.1 Condensation

In general, the condensation effect describes the sticking probability on the substrate. It
mainly depends on the substrate temperature and can be divided into two regimes - the
complete condensation and the incomplete condensation regime. To differ which regime
is accurate, there is a ratio defined by r = “2¢+. This indicates the complete condensation
if, r > 1, and otherwise the incomplete condensation, if v < 1. This ratio compares the
different time-scales. That is the duration which atoms need to desorb and need to stick
rigidly on the substrate, respectively.

Complete condensation appears at very low substrate temperature or at very high deposi-
tion rate. In this case Tqes is small and T4 grows rapidly. That means that the probability
of desorption is quite low because it needs as much steps as Tqes is over. At this time
the likelihood of capturing an another atom is much bigger and the adatom is bonded
on the surface. The material which forms the films rises nearly linear.
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An incomplete condensation describes a regime at very high substrate temperature,
where the desorption probability is not quite low. This means that every atom which
arrives at the surface condenses immediately. Therefore T4.s has a high value and 4 is
quite low.

A single regime does not have to persist during the whole sputter process. It is also
possible to begin with an incomplete condensation, which changes into the complete
condensation after a certain time. And the time-scales vary during the process, too. Thus,
after the transition to complete condensation an equilibrium state between both time-
scales will appear. Afterwards the desorption and adsorption balance each other and
another effect begins to build up the thin film.

2.2.2  Nucleation

If a balance exists between adsorption rate and desorption rate, a critical point is reached.
A thin film growth begins when the adsorption effect prevails. At the atomistic point of
view nucleation takes place at that point. Nucleation means that more than one adatom
forms a bond by movement of the adatom along the substrate. These groups of adatoms
are called grains. A grain is energetically more favourable than a single adatom. But a
certain probability persists that a adatom of the grain desorbs again.

Figure 16: Grain with surrounding capture zone [5].

Whether an adatom leaves the grain or not depends on the size of the grain. The bigger

the grain size, the smaller the amount of desorption. The reason for that is a certain grain
radius, the bonds inside the aggregate are too strong to let an atom fly away. The grain
grows further. The transition size between a stable and an unstable grain is called critical
size of a grain, or it is simply called critical grain. The grain which size is lower and
therefore the desorption is non zero, is called under critical grain and vice versa over
critical grain.
A grain consisting of some adatoms grows further favourably and therefore it needs
more and more atoms. There are two mechanisms to get these atoms. The first one is
that the sputtered atoms are adsorbed at the grain directly. But there has to be a high
sputtering yield for dominating this mechanism. Another possibility to catch atoms is
given by diffusion processes. Adatoms around the grain move to the grouped atoms
favourably.

Figure 16 shows a group of adatoms (light grey). Around the group there is a dark
grey area which is called capture zone with width a which is typically the size of one
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Figure 17: Free energy vs. grain radius (droplet model) to estimate r* [5].

lattice constant. It is a depletion region where no adatom can be observed, because all
atoms within this region are caught by the grain.

How big the critical radius is, depends on several quantities. There are two models,
which describe the nucleation phenomena, the droplet model and the particle model.
They estimate the critical radius by the free energy AG. The exact formula is not as
important as the resulting graph of AG versus the radius which is shown in Figure 17.
As it can be seen, the critical radius lies at the maximum of AG and represents the
minimal stability size of a grain. For v > 1* the free energy falls rapidly. Over critical
grains are the basis for growing a film. Therefore the number of critical grains can play
an important role for growing a film with certain properties. The rate of forming a grain
[5] is roughly given by

I=U;-a-ni-nj-vg, (15)

where Uj; is the circumstance of the critical grain which consists of i atoms in [m], a is
the width of the capture zone (typically one lattice constant) in [m], n; is the number of
a single adatom which is not already nucleated, n; is a grain including i atoms and v4
is the hopping frequency of the diffusion process in [1/s].

2.3 FILM GROWTH

Now the single atomistic processes and effects were considered. The resulting film growth
involves all discussed phenomena during the different growth processes. The morphol-
ogy differs from every stadium of the film growth and can help to indicate the current
step. The desirable end stadium of a continuous film is often the aim of some applica-
tions.

Figure 18 shows the single states which passed through. The time of being in a certain

state depends on a lot of parameters, but the most important ones are the adsorption
rate, substrate temperature and of course the type of substrate. The first state where the
film growth begins is the creation of grains. Depending on the above parameter a single
grain can include at least one single adatom. But in general, if the mean diffusion way 1
is long enough more than one atom forms a grain by nucleation effects.
If the grain is formed and the sputtering yield is quite constant the grain grows till it
reaches the critical radius where it is stable. A stable grain can also be grown further but
after a certain time a equilibrium number of grains including the volume of the capture
zone covers the whole substrate.
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Figure 18: All stadiums which are passing through the way from adsorption of an single atom to
the continuous film [5].

Diffusion processes never stop excepting at really cold temperatures. It is possible to
move whole groups of atoms along the substrate plane to form bigger clusters consisting
of more than one grain. The hopping frequency of whole grains is still lower than a
single atom, but it is non-zero. This state is the third stadium of the film growth and the
phenomena, where grains bond favourably together, is called coalescence.
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Figure 19: Connecting of two grains to reduce the surface tension [5].

Coalescence is a similar process as nucleation but at bigger dimensions. It is not an
atomistic process and can be described with surface tension without great simplifications
of the physics behind. Figure 19 depicts the effect in detail and visualises, that two single
grains need more coverage area than a newly formed grain with a greater radius. But the
newly formed grain needs less space than the sum of two single grains. Thus, bonding
and forming of aggregates of more than one grain is energetically more favourable.

At the time, more and more grains form aggregates, or so called islands. Islands in turn
prefer to coalescent again. As written before nucleation is a similar effect to coalescence
and therefore similar behaviours are expected at greater dimensions. This means that
forming of aggregates evokes a depletion zone of grains around the island.

At these positions, which have become available after the coalescence, new sputtered
atoms get adsorbed and they are also able to form new grains again. This process is
called secondary nucleation.

Then islands are also able to diffuse and connect to another islands, which represent the
nearly last step before a continuous film grows together. But before a certain amount
of stress causes formations of channels and holes occasionally. The last step will be the
filling of these holes and channels by the grains which grow further by the secondary
nucleation effect. Now if this is done, a continuous film covers the whole substrate.

2.4 INFLUENCE OF THE SUBSTRATE

The adatom arrangement of the first mono layer depends strongly on the substrate. If
the substrate is an ideal crystal, the interaction differs from a real crystal where surface
defects (e.g. dislocations, impurities, steps, etc.) are available. Single atoms and grains
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collect themselves on defects preferably. [32]

Which kind of single crystal is used, plays also an important role. If the sputtered atom
and the substrate is from the same material, the lattice constant is still the same at the
interface and along the thin film, too. But if the lattice constant of both materials differs
very strong, a misfit arises. The sputtered thin film asserts its own lattice constant ex-
cepting the interface between substrate and thin film. This misfit leads to built-in defects
which affect the resulting morphology.

If a film grows on the same material the growth is called homoepitaxy. For different
materials, the growth mode is called heteroepitaxy. If the substrate is not a crystal the
behaviour of film growth changes slightly. An example of a substrate without crystal
structure is amorphous glass like Si0. Many biological materials have not any certain
crystal structure, therefore it is important to know how a thin film changes the proper-
ties if the substrate is amorphous.

Whether homoepitaxy or heteroepitaxy the crystal orientation of the substrate is forced
on the film. If the substrate has no orientation the film grows polycrystalline - without
preferred orientation. But Smith et al. showed in their report [28] that if a crystalline grid
is embedded into an amorphous SiO substrate the film undertakes the orientation of the
grid. That means that both situation are possible, but in general a amorphous substrate
does not make out certain crystalline orientation - a polycrystalline thin film grows.

2.5 MEASUREMENT METHODS FOR CHARACTERISATION OF METALLIC THIN FILMS

As written in the motivation statement, the ideal thin film for high resolution scanning
electron microscopy has to fulfil several requirements. Three common methods were
used to investigate all important changes of the thin films until the best solution was
found.

2.5.1  High Resolution Scanning Electron Microscopy

The metallic thin film is mainly used for SEM, therefore the simplest way for checking,
if the properties of the sputtered films are good enough, is the device itself. This method
takes advantage of analysing more than one property at the same time. It can especially
be performed in a really short time without costly and time-consuming preparation tech-
niques.

Two properties play an important role for the quality of the thin film and the further
usability - conductivity (or the opposite is called resistivity) and the morphology of the
surface.

The device ZEISS ULTRA 55 is a High Resolution-SEM which is used with the GEMINI
In-lens SE detector at very low acceleration voltage Ug around 3 kV. The In-lens detec-
tor with low Ug and a very small working distance WD =~ 2 — 3 mm detects secondary
electrons of type SE1, which lead to the best resolutions, from a few-nanometres-deep
area. The resulting signal generates an image of the surface with such a high resolution
that the own structure of the film can be depicted. The device is specified by Zeiss with
resolutions of 1.0nm@15kV, 1.7nm@1 kV and 4.0 nm@0.1kV (featured with a Thermal
Field Emission Gun (FEG), stability > 0.2 %).

The conductivity of the surface can be visualised in the SEM image qualitatively. If the
image brightness becomes much greater by the same electron current, the conductivity
gets worse. A bad conductivity is distinguished also through bright areas induced by the
electron beam. More detailed information can be found in [11].
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2.5.2  Atomic Force Microscopy

Another method which characterises the surface quality of thin films is Atomic Force Mi-
croscopy (AFM). SEM leads to good results for films with high structures and a high sur-
face topography. But it reaches its limits for smooth films with less topography. Therefore,
AFM offers an alternative way to characterise the topography without electron induced
charging effects. The attractive or repulsive atomic forces of the atoms is used, which
form the film. Therefore, higher resolution can be reached. These forces are detected
with a needle tip by scanning the surface of the sample and recognising the displace-
ment of the tip along the z axis. An image of the z values which are dedicated to a colour
value of each position of the tip, represents the surface quality. With further software
tools, grain sizes and grain heights can be determined.

The used device is the AFM Bruker Dimension Fastscan Bio, which resolution depends
on the used type of needle tip. As the name let already assume, the measurement time is
decreased very strong to make it possible to observe structure changes in nearly real-time
(3 frames per seconds). Besides the fast scan rate, the microscope reaches high resolution
by using the Fastscan C needles. The tip which shape is rotational symmetric and trian-
gular and it consists of silicon nitride. The radius of one single tip is 5 nm. More detailed
information can be found in [8].

2.5.3 Transmission Electron Microscopy

By using Transmission Electron Microscopy thin films can be analysed at highest resolu-
tions, higher then AFM or SEM. But there is a not negligible disadvantage - this method
is time-consuming during the measurement and also the preparation techniques are chal-
lenging.

Analysis with TEM leads to information about the chemical composition, the morphol-
ogy and crystallographic structure. The charging effect is quite low through high electron
energy and the preparation technique. Samples which are analysed within the TEM must
be electron transparent (i.e. 100 nm or less).

In addition, it is also possible to get more information about the crystallographic struc-
ture by using electron diffraction.

A thickness distribution is estimated by the 5 parameter. This parameter defines the
change of the intensity of the electron beam through the sample in comparison to the
zero loss peak, which is the measured intensity of the elastic contribution. The absolute
thickness value is a really rough estimation, but the relative thickness distribution along
the sample plane leads to a good overview of the uniformity of sputtered thin film.

The used device is the FEI Tecnai 20, which maximum acceleration voltage is 200 kV.
The electrons are generated by a Schottky Field Emitter including a monochromator unit.
The reachable point resolution is 0.24 nm specified by FEI. More detailed information
about TEM can be found in [34].
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DETAILED MOTIVATION

As written in the short abstract in the introduction, micro structures of sputtered metal-
lic thin films can be observed which influence the imaging quality of a High Resolution
SEM negatively.

The Institute of Electron Microscopy and Nanoanalysis at the Graz University of Tech-
nologies used a RF sputter coater for sputtering non-conductive samples with a metallic
film. A considerable disadvantage of this method to get a conductive layer is a high tem-
perature impact due to the missing magnetic field. The influence of the magnetic field
is described in Chapter Section 1.1 precisely, which is a good way of making the evap-
oration process more efficient, but the most important point is that the magnetic field
traps the electrons. The generated electrons in a RF sputter coater impinge also on the
substrate which has to be coated. These electrons cause interaction with the substrate ma-
terial and heat up the sample. The higher the sputtering yield the higher is the amount
of electrons and therefore the temperature increases.

In modern High Resolution SEM biological samples like membranes which respond sen-
sitively to a slightly change in temperature can be investigated. A deposition of a conduc-
tive film on the surface of such temperature sensitive samples is impossible. Therefore,
alternative ways of sputtering are necessary. The LEICA sputter coater fulfils some of
these criteria, but this device and also devices from competitors form micro-structured
thin films which decrease the image quality in High Resolution SEM.

A comparison of sputtered thin gold palladium films of the old RF-sputter coater and
the Leica DC magnetron sputter coater can be seen in Figure 20. The ditches between the

WD= 26mm  Width =1.143 um 100 nm ] WD=21mm  Width=1.143 pm ] 100 nm
EHT = 3.00kV Detector = InLens EHT = 3.00 kV Detector = InLens

Figure 20: Au/Pd thin film sputtered with Leica DC Magnetron Sputter Coater (left) and with
the RF Sputter Coater, called GEA (right) by a magnification of 150,000 times.

agglomerated grains decrease the conductivity drastically and make the usage of this

kind of thin film unsuitable. Beside the high resistivity, another point limits the usability
of the thin film strongly. The dominant micro-structure will cover any micro and nano
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structures of the sample itself.

Leica offers many opportunities to change the film growth by different parameters which
are available in the user interface. The task to get a thin film without ditches has to be
done in a most scientific way to avoid loosing the overview. The first approach will be to
determine all observable quantities of the device, before the systematic variation of the
parameters begins.
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As it is shown in Chapter 2, the complex growth process of films by PVD techniques has
a lot of parameters which can change the properties of the film. Leica used a touch screen
with a simple and easy understandable graphical interface to change many parameters
and to follow up the current status during the sputtering process.

Three main quantities which also appear during the chapter of the basics are temperature
of the substrate, thickness and the pressure. All these parameter can be changed directly
or indirectly, but how the values fit to reality will be described inside this chapter.

In most cases it is common practise to verify parameters by another independent mea-
surement method and to compare the results. To get a significant result with a meaning-
ful statistic a sufficient number of measurements is necessary and it has to be considered
how the new method is prone to error.

4.1 TEMPERATURE IMPACT DURING THE SPUTTER PROCESS ON THE SURFACE

The temperature on the substrate is the only parameter which cannot be changed directly
and which has no output field at the software of the sputter coater. There are two ways
to generate heat on the surface of the sample. On one hand an indirect parameter for
temperature is the working distance and on the other hand the sputtering current. For
the working distance counts that the nearer the sample stands to the plasma, the hotter
gets the surface. Fast target atoms produce phonons in the solid and heat up the sample.
The sputtering current, in turn, leads to a higher amount of target atoms which are able
to impinge at the surface.

The temperature of the substrate is an important parameter for the growth of the metal-
lic film because many diffusion processes depend on it. But there is another reason, too.
The metallic film should fulfil several requirements to make it usable for High Resolution
Electron Microscopy. One of these is a low temperature impact during the sputter process.
A lot of biological samples which can be observed with high resolution are high temper-
ature sensitive. But there are two types of temperatures which influence the sample. The
global temperature which is represented as the mean value of the whole surface and the
local temperature of the region where an accelerated particle impinges the surface. The
kinetic energy of the particle is transferred totally to a small local volume and leads to
a high increase of the temperature, much higher than the global temperature. Especially
membranes which functions are based on very small structures, called fibrils, will be
damaged through a drastically increase of the local temperature.

4.1.1  Measurement Method

The measurement method itself is quite simple. A thermocouple of type K (model: 55C)
and a four channel thermometer (HH147U) both from Omega were used and the thermo-
couple was located directly at the substrate. Inside the chamber vacuum prevails and a
connection from the thermocouple to the measurement device can be implemented with
a special designed flange. Now it was possible to measure the temperature at different
working distances and sputter currents.
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4.1.2  Results and Error Analysis

According to the data sheet, the Omega thermometer with the used thermocouple yields
a accuracy of +£0.1% of the value of the display plus 0.7°C. This detail is very precise,
but it implies that the cable between thermocouple and the measurement unit has no dis-
connection. The modification of the cable by soldering to the flange, leads to a transition
between two different kinds of metals. Such a transition causes an additional voltage and
a higher error has to be assumed. A common used material for conducting an insulated
material for electron microscopy is an alloy of gold-palladium (AuPd). The concentration
of AuPd is 80:20. Leica offers a set of default recipes for different kinds of sputter targets.
Now, the starting point of the measurement will be begun at the default settings for the
common used AuPd target:

Table 1: Default sputtering parameters of Leica

sputter current Isputter [MA] 30 working distance WD  [mm] 50
pre-vacuum ppre—vac [mbar] 5e—5 sputter-vacuum p A » [mbar] 5e—2
rotation rot [-] 3 tilt t [—] 0
thickness d [nm] 10

substrate material [—] soda-lime glass target material [—] AuPd

pumping region sputtering region venting region

temperature entry AT / °C

0 1 1 1 1 1 1 1 1 1 1 | 1 | 1 |

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
time t / s

Figure 21: Temperature impact as function of time during the sputter process with default set-
tings, which are tabulated at Table 1. Overlaid regions show the status of the sputtering.
Error bars were added, the mean deviation is £0.6°C.

To get a precise result, the measurement was repeated four times. The mean value of
all four graphs results in Figure 21 with drawn errorbars. The error bars are calculated
from the standard deviation of the mean value. As it is shown in the figure, the values
are irregular within the sputtering region. The reason for that is the response time of
the measurement device. The device sweeps the temperature value of the thermocouple
every second. If the temperature gradient is very high, the error gets higher due to the
dead time between the time where the thermometer gets the value and saves it into the
internal storage. The mean deviation is 0.6°C and has to be summed up to the error of
the thermometer.

In addition, different regions are drawn in the figure. The first one is the pumping region.
The vacuum pump of the sputter coater pumps to the set pre-vacuum value and purges
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the chamber by flooding it with argon gas. Afterwards the pressure of the set sputter-
vacuum value adjusts - nearly no temperature impact occurs inside the chamber. The
next step is the ignition of the plasma and the beginning of the sputtering process, if
the desired atmosphere is reached - temperature impact increases at the substrate. Now,
the sputter process is finished because the thickness, which is measured by a quartz, is
reached. The venting process starts immediately to cool down the chamber and to reach
the ambient pressure for getting access to the sample.
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16 Sputter-Device: LEICA ACE 600 EM
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[=140mA
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Figure 22: Temperature impact as function of time during the sputter process with different sput-
ter current. Other parameters are set like in Table 1.

Based on the default settings, different values for the current are applied to show
an increasing temperature impact due to the higher sputtering yield. The thickness of
d = 10 nm is held constant, because thicker thin films are not suitable for High Res-
olution SEM. Therefore, the sputter region in Figure 22 becomes smaller and smaller,
because a higher sputtering yield increases the deposition rate of target atoms, too. But
a higher deposition rate, in turn, leads to a higher temperature impact. The maximum
temperature impact of ATyax,10nm = (14 = 2)°C appears at modified default settings
with a sputter current of I = 140 mA. The temperature impact is a relative value related
to the ambient temperature and defines a quantity for describing the added heat to the
substrate. Therefore, the higher the sputtering yield, quantified by the sputter current,
the higher gets the temperature at the substrate.

The next modification of the default settings was used for visualising the changing
of the temperature by different working distances. First of all, a change of the WD has
more effect than a change of the sputter current. Hence, the thickness of the deposited
film was held constant again, but not at d = 10 nm. The thickness is changed to d =4 nm
as a practicable approach to reduce the sputter time and getting a comparable dataset.
Figure 23 depicts two measurements, which represent on one hand the lowest possible
WD (green graph) and on the other hand the highest possible WD (blue graph).

At WD = 97 mm, the temperature impact is around 0.5°C with the error of £2°C, the
impact to the substrate is virtually non-existent, but at WD = 30 mm the substrate is
very close to the plasma ring and reaches the maximum at ATy qxanm = (13 £2)°C. It
would increase further if the sputter process did not stop.

A common used device for sputtering thin films on samples, which has to be pre-
pared for SEM, is a RF sputter coater. This type of coater produces thin films with
smooth surfaces and without micro structures. Therefore, a measurement of the tem-
perature impact was done to visualise the main difference between both devices. Fig-
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Figure 23: Temperature impact as function of time during the sputter process with different work-
ing distances.

ure 24 shows the temperature impacts of the different types of coaters as function of
time. The maximum relative temperature impact of GEA for a 10-nanometre-thin film
reaches AT ax,10nm = (26 £2)°C and is much higher as the temperature impact of the
Leica sputter coater at WD = 97 mm.
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Figure 24: The comparison of the temperature impact as function of time between a RF Sputter
Coater, called GEA, and the Leica DC Magnetron sputter coater.

The working distance of the RF sputter coater is nearly the same like the used work-

ing distance at the Leica. The reason for the much higher temperature impact is that an
electron trap is missing. This electrons change their direction continuously between tar-
get and sample due to the applied alternating electric field. This alternating pole change
leads to a movement of the electrons through the sample which causes an interaction
between the electrons and the sample. Hence, this kind of interaction provokes the rising
of the temperature.
In addition to the difference in temperature, a higher sputtering rate of the GEA was
noticed, which could also play a role for a continuously grown film. Therefore, the com-
parison between GEA and Leica can be useful to get a hint which parameters are more
important than others.
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4.2 THICKNESS OF SPUTTERED THIN FILMS

The thickness of a sputtered film with the Leica sputter coater is measured by a quartz
crystal. It measures a mass per unit area by changing its frequency, if sputtered atoms
arrive at the quartz resonator.

Leica uses different mass coefficients for different materials to calibrate the quartz mea-
surement unit in the user interface. The question is how precisely this kind of measure-
ment works at really thin films of about 10 nm or less. There are several factors which
have to be taken into account. One of these is the fact that the ideal position of the crys-
tal should be directly next to the substrate. This is not really suitable on the engineering
point of view, therefore shadowing effects are one of the side effects which influence the
accuracy of the thickness measurement.

Another effect will be the ability to rotate the table, where the sample can be mounted,
during the sputter process. The quartz is located in the rotation centre. Hence, the sample
is half-time during the sputter process out of the region of the sputter deposition. How-
ever, the quartz located in the centre is almost always inside the region, where sputtered
atoms impinge the surface of the resonator.

Now, it is necessary to quantize the error. A comparison of different sputtered films is
impossible, if no facts about the accuracy of the thickness are known. Two methods were
applied to measure the thickness independently from the quartz measurements.

4.2.1  Measurement Method 1: Wedge Cleavage

The Wedge Cleavage Technique (NCT) is a well-known preparation technique, illustrated in
[1], for generating electron transparent substrates for transmission electron microscopy
(TEM). These substrates have to be consisted of materials, which have oriented braking
directions.

[001]
y
[100]
) \[010] Cleavage plane
[110]~< //(110)
¥

[110) /]

Cleavage plane
(110)

Figure 25: Prepared sample with two perfect edges [1].

The directions are oriented because the bonding energy between the atoms perpendic-
ular to this directions is very weak and will be preferred for a break through. A common
example for such a material is silicon or GaAs, which is used for microchips. They are
processed as wafers, a round, thin, monocrystalline disc, which forms the base where
structures were applied by e.g. lithography processes.

Out of a wafer an approximately 0.6 mm? thin sample is broken with at least one perfect
edge. Figure 25 shows the resulting sample and marks both perfect edges with arrows.
The reason why this kind of edges will be striven is the fact that the tip of a perfect edge
is just a few monolayers thick. Therefore, electron transparency is generated by mechan-
ical fracturing.

This preparation technique in combination with a sample holder, which allows the sam-
ple to rotate along certain directions relative to the electron beam. With this technique, it
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is possible to adjust the sample like in Figure 26 to get a projection of the cross section
of the substrate.

y .4

Figure 26: Usage of the perfect edge to get a projection of the cross section [1].

The idea is to sputter the film on the substrate, which is prepared by mechanical frac-
tioning to get an electron transparent edge with the thin film on it. With the cross section,
the mean thickness of the film can be measured. A thickness of a single edge is not rep-
resentative to estimate a mean value for the whole substrate, but if more measurements
are taken a sufficient statistic can be reached. Therefore, more than ten samples out of a
0.6 mm? Si area can be prepared.

To evaluate the thickness, thin films with different sputter conditions were produced, like
variation of current, working distance, and argon pressure.

4.2.2  Measurement Method 1: Results and Error Analysis

Analysing the almost perfect edge with the TEM leads to the result in Figure 27. The
sputtered thin film which is marked with a white rectangle is deposited on substrate
consisting of a broken silicon wafer. The surrounding white area is vacuum on the bright
field image. No energy loss occurs and the electrons are directed towards the detector
directly. The figure depicts the cross section of the film and it can be shown that the film
does not grow densely. White spaces in between can be observed. A fluffy growth, where
no densely packed film results, rises to a challenge with the preparation method more
than expected. The mechanical cohesion at the substrate is quite low and leads to crum-
bling of the film during the preparation. This made it difficult to analyse further samples
with different kinds of deposited thin films. At the important range, where the substrate
has the thinnest thickness about some sub nanometres, no AuPd can be found. When
the substrate gets thicker, the AuPd film can be seen, like in Figure 27. The problem,
which occurs at the analysis was that the substrate and the deposited layers could not
be distinguished from each other. An assumption about the thickness cannot be made
either.

One opportunity is that the substrate is responsible for the low cohesion. Another ma-
terial with a property, which sticks better on Si than AuPd has to be found. A material,
which is known for its high cohesion value, is chromium [12]. It will be used to build
up an interface between Si and AuPd to stick the film to be measured on the substrate.
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Figure 27: TEM image of AuPd film deposited with parameters of Table 1

Therefore, another experiment was made to deposit a 2 nm Cr layer before the important
tilm was deposited.

59 i

Figure 28: TEM image of a AuPd film deposited on a Cr layer.

The result is depicted in Figure 28, where the Cr layer sticks perfectly along the whole
breaking edge in contrast to AuPd, which crumbles again. Therefore, the experiment by
measuring the thickness of different deposited gold palladium films was stopped and
had to be taken back on another technique for evaluating the thickness of the metallic
thin films.
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4.2.3 Measurement Method 2: Focussed Ion Beam Lamella

The second method to measure thickness is simpler, but it is more time-consuming and
costly. Ten or more samples cannot be prepared as fast as using the WCT. Therefore, a
multilayer of two materials with different thicknesses has to be deposited on a substrate
based on a nickel alloy. It is useful to choose two materials, which have a big difference
between their atomic numbers. In the TEM the High Angle Annular Dark Field (HAADF)
detector was used mainly to get material contrast between those layers. Materials which
lie next to each other in the periodic table have less contrast differences and therefore a
higher error occurs by separating the interfaces manually. The combination of gold and
tungsten as target material was the best choice. There are other materials, which can
be used, i.e. aluminium, because the difference of the atomic number is bigger, but the
much lighter aluminium forms aluminium-oxide on its surface quite easily.

multilayersystem

Figure 29: Schematic of sputtered multilayer film on a nickel based alloy substrate (left) and a
Darkfield TEM image of the FIB lamella (right).

After the film was deposited, a small part of the substrate was cut by the Focused
Ion Beam Microscope and afterwards it was thinned to make it electron transparent. The
resulting object was now a cross section of the multilayer Au-W film system, called
lamella, and could be observed in the TEM to measure the thickness of the single layers.
Due to the disadvantages of the method, significant statistics cannot be reached, but it
is possible to observe different materials with different thickness with just one sample.
The width of the lamella is also bigger than the dimensions of a single edge, therefore a
statement about the homogeneity of the deposited film system can be determined.

4.2.4 Measurement Method 2: Results and Error Analysis

The TEM image of the FIB lamella, which is shown in Figure 29 (right) looks different
than the schematic in Figure 29 (left). The white area in the middle of the lamella is
the film which has to be measured and which has the structure of the drawn schematic
above. The sputtered multilayersystem is embedded on the left side in a platinum (Pt)
deposition of about five micrometres and on the right side in the substrate.

Deposition of platinum on a surface which has to be cut out by a high energetic ion beam
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is a common procedure [23] to protect regions of interest from process artefacts, like in
Figure 29 (right) at the upper side of the lamella. If the FIB cut was done without Pt, the
layer on the upper side of the image could not be analysed. Now, two technical solutions
are available to determine the thickness out of the TEM analyses.

region
of
line profile

Pt
O deposition

Figure 30: Darkfield TEM image of multilayersystem measured by FEI detector.

On one hand an analysis by the grey values of the dark field image like in Figure 30
leads to an estimation of the thickness value and on the other hand an analysis by the
countrate of an EDX measurement which can be performed along the region of the
line profile of the DF image is also possible. Both methods were performed to get a
set of values for each layer. The estimation is calculated by the mean value and the
standard deviation of both methods on five different positions along the lamella. This
region marked with an big white rectangular is used to calculate the line profile. The
wider the width of the rectangular the more single lines are included into the mean value
of the line profile. The following analysis performed by the line profile is averaged by
100 lines which are equivalent to 100 pixels in the TEM image. The resulting line profile
is shown in Figure 31. With the help of this graph, the limits for the single films can be
determined easily by measuring the distance between the half height of the maximum
values of the peaks.

The error analysis of the single method is quite difficult to determine because the error

depends on the accuracy of the experimentalist and the arrangement of the sample inside
the TEM. If the surface lamella does not lie exactly perpendicular to the electron beam,
one will measure a projection of the cross-section, which differs slightly from the original
value.
The second analysis procedure uses the characteristic x-ray radiation. The value of a
certain characteristic peak position of one material is tracked during a single line scan
along the multilayer system. Therefore, it is necessary that both materials, which have
to be analysed, have either characteristic x-ray peaks which do not lie too close to each
other and a high intensity for a significant change for an easy determination of the film
limits.

Figure 32 shows the individual line profile for each material. Most important for de-
termining the thickness of the sputtered films are tungsten (red graph) and gold (blue
graph). The other materials occur from the substrate - a nickel based alloy. Oxygen (black
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Figure 31: Line profile with 100 px in width of the darkfield TEM image.
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Figure 32: EDX line profile along the same position as marked in Figure 30.

graph) is also depicted in the figure because it rises significantly during detecting of the
characteristic x-ray peak of tungsten. Thus, it can be assumed that tungsten prefers the
bonding with oxygen atoms and therefore a better pre-vacuum is sufficient for getting a
pure metal layer without build-in oxygen atoms.

Both methods lead to a good analysis of the cross-sectional view of the sputtered metal
films. To evaluate the deviation from the expectation value, the lines profile and the EDX
profile are taken three times at three different positions.

But both methods are limited. Thin films, which are equal or thinner than 2 nm cannot
be evaluated. At the line profile the thermal drift of the device is to big to depict a clear,
noise-free image from the thinnest layer. The other method is limited by the size of inter-
action volume, in which x-rays are generated. This volume size depends on the material,
too. For tungsten or gold the diameter of the volume is obviously the width between
2 nm and 5 nm, because the count rate of the x-ray detection decreases. An evaluation
of the thinnest films is not possible with these kinds of methods. Following, the com-
parison of the expectation value which is set by the Leica sputter coater, the measured
thickness values and the standard deviations from the average of the three measurements
are shown in Table 2.

The comparison between expectation values and measured thickness values shows that
the difference is quite low. It differs between 0.0 % - 22 % as relative values. The maxi-
mum, absolute value for the difference in thickness from the expected value is 3.1 nm at
the 30 nm tungsten layer. This value has also the highest deviation value and let suppose
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Table 2: Comparison of the measured thickness and the expectation value

dieica ... setted thickness, whereat the sputter process will stop in nm
dmeasured ... arithmetic averaged thickness value of all measurement methods in nm
Admeasured ... standard deviation of the averaged value in nm

dmeasured — Aleica - difference between expectation value and measured value in %

difference between expectation value and measured value in nm

Material ~ dieica [MM]  dmeasured [MM]  Admeasurea [MM] | dmeasured — dieica [%]  [nm]
W 30.0 26.9 1.5 10.3 3.1
Au 30.0 28.5 0.8 5.0 1.5
W 20.0 20.7 0.4 3.5 0.7
Au 20.0 19.9 0.1 0.5 0.1
\W 15.0 15.1 0.1 0.6 0.1
Au 15.0 14.5 0.3 3.3 0.5
W 10.0 10.5 0.3 5 0.5
Au 10.0 9.2 0.4 8 0.8
W 5.0 6.1 0.6 22 1.1
Au 5.0 5.0 0.0 o 0.0

that a systematic error could be the reason for the high standard deviation. The problem
with the measurement at the thinnest layer arises from low contrast difference between
tungsten and the deposited platinum and occurs in the line profile, like in Figure 31. The
dotted rectangle in the figure marks the region of the last gold layer, which thickness is
still determinable. Therefore, the high standard deviation shows that no clearly boundary
between platinum and tungsten can be found, but all other thickness measurements are
quite good and have an acceptable deviation for all upcoming measurements. Another
difference is that tungsten got a continuously slightly higher measured thickness values
than gold. The reason is possibly the build-in oxygen atoms, which change the material
contrast. The boundaries of tungsten look blurred and not as clear as gold.

The first experiment of measuring the thickness by using a FIB cut and analysing it by
TEM was unsuccessful because on one hand the target materials were chosen disadvanta-
geously and on the other hand the measurements were performed by high thermal drifts.
Gold and platinum were used for the first trial, but the atomic numbers are too near to-
gether to get a good material contrast and also the characteristic x-ray peaks overlaid
partially each other. Hence, the analysis failed and the standard deviation rose highly
due to the occurrence of a high systematic error. The boundaries of the layers became
blurred by the thermal drift and the resulting error was integrated into the highly oc-
curred error.

The build-in atoms form a no ideal basis for the measurement of the thickness value
too, but it is a good compromise between the difference of the atomic numbers and the
oxidation probability.

In summery, the measurement of the thickness by using a FIB cut of a Au-W multilayer
system turns out to be a good method to get a value of the sputtered thickness. The
quartz crystal is a common method for measuring real time sputtering processes, but dif-
ferent geometries of the coaters and different positions of the quartz lead to deviations.
The best position of the sensor to capture every sputtered particle which impinges the
surface of the target would be next to the substrate directly. But from the engineering
point of view this solution is quite impossible. Unless the sensor is covered from the
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substrate or anything else, it yields a good approximation for the thickness value of the
sputtered film. The sputtering atoms of the target material are evenly distributed inside
the chamber that the error from the detection of the atoms is acceptable.

Now the thickness error and also the error of the temperature impact are quantified and
form an important base for all further experiments. If different films will be compared,
both parameters play key roles for the film characterisation. As written in Chapter 2 dif-
ferent growth states appear and depend from the temperature and the deposition rate.
If the growth is onward, the thickness defines a good basis for comparing growth states
with different set of parameters.
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The measurement unit for the pressure inside the Leica DC magnetron sputter coater is
the Pfeiffer PKR 251 vacuum gauge. According to the data sheet [18] and the operating
instruction [19], this vacuum gauge consists of two independent measurement systems
for detecting the prevailing pressure of the atmosphere inside the chamber. One unit is
a Pirani gauge and the other one is a kind of a cold cathode system which is based on
the inverted magnetron principle. The measurements of both gauges are combined to
get one signal which precision is increased of the current pressure during the sputter
process.

The pressure range of the vacuum gauge lies between 5 - 10~7 mbar and 1000 mbar at a
temperature range of 5 —55°C.

The user interface of the sputter coater shows the currently prevailing pressure continu-
ously at the main window as soon as the device is switched on. An additional experiment
to evaluate the correctness of the pressure unit was not done, therefore the values and
the exactness of the data sheet is used to get information about the error behaviour of
the device.

The precision of the pressure is +30% within the range of 1078 — 102 mbar. And the re-
producibility is specified with £5%. To express the precision in values the default setting
for the pressure of AuPd is p = (54 1.5) - 1072 mbar. Another parameter which is further
specified is the response time of the Pfeiffer vacuum gauge with ~ 10 ms for pressures
which are greater than 10~° mbar and a 1 s for pressures equals to 10~8 mbar.
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Figure 33: Pressure indication range between 107° to 107! mbar of Pfeiffer PKR 251 vacuum
gauge calibrated for air.

Figure 33 shows the behaviour of the pressure detection for different gases inside the
chamber. The gauge is calibrated for air, thus the effective pressure is the same as the
measured one. In contrast, if the chamber is filled with argon the resulting signal differs
from the reality. Therefore, a conversation formula is specified for different materials
with pefrar = 0.8 * Pindicated- But in the range between 10% to 102 mbar this simple
formalism cannot be held and the error of the indicated pressure increases.
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MORPHOLOGICAL EFFECTS BY VARIATION OF SINGLE
PARAMETERS

One aim of this work is to generate a film which contains as less as possible morpholog-
ical irregularities as possible. First, it has to be considered which parameters influence
the film growth and which method is going to be used to observe it in a mostly time-
consuming way. There are many parameters which are changeable and therefore a good
concept for the further measurements has to be introduced to separate each morpholog-
ical effect from the cause from which it is stemming from.

The starting point will be the alloy AuPd as target material which is made of 80 % of gold
and 20 % of palladium. In Scanning Electron Microscopy, AuPd or platinum-palladium
(PtPd) is typically used for evaporating processes. The reason for this choice is on one
hand the less interaction with other materials (inert behaviour) and the moderate costs in
comparison to other targets. The oxidation resistance is also an important point. For this
reason, chromium or aluminium make the experimental handling with these materials
quite complicated.

Literature about generating thin films by DC magnetron techniques favours three param-
eters for changing the morphological behaviour [27], the power for the sputter process,
the working distance and the argon pressure. The main difference of the thin films of
literature and the thin films of this master thesis is the thickness. For instance Slavcheva
et al. [27] investigated films with a thickness of about more than 100 um. The thickness
that is mainly used for electron microscopy is between 5 nm and 20 nm. Insulated ma-
terials having a surface structure, which have to be observed by SEM, are covered by a
thin film which does not overlay this structure but has to be thick enough for draining
the induced electrons. Therefore, the thickness plays an important role too and has to be
observed besides the three parameters which are preferred from literature. The power
of the sputter process is one of the parameters which is not changeable at the device of
Leica. Power is defined as voltage multiplied by the current. The sputter coater of Leica
has just the opportunity to change the current. But the current of the sputter process is no
directly physical parameter - it is the current of a power supply, which is held constant to
generate a constant electrical field between target and substrate. The reason for denoting
the current instead of the voltage will be that current is easier to measure inside the high
voltage supply and it is more stable for getting feedback about the plasma stability as if
the voltage would be measured (information from R&D department of Leica Microsys-
tems, personal correspondence with Dr. Wurzinger).

By generating thin films with low thickness another parameter has to be investigated -
the substrate. As written in the theoretical part, the interaction between substrate atoms
and target atoms can change the growth mode inside the first monolayers. Mostly bio-
logical samples have no certain crystalline orientation at theirs surfaces, but some alloys
for the industrial use, which are also analysed, could have some preferred orientations.
In this case, the striven thin film should also be free of ditches. Summarised, five param-
eters are of special interest for changing the surface morphology - thickness, working
distance, current, argon pressure and the substrate.

It is unknown how these parameters interplay together for getting an improvement of
the surface behaviour. Therefore, an analytically orientated concept is useful to reach the
goal. The first assumption is the isolation of each effect from each cause. Later, if it is
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necessary, combinations of some variations of parameters have to be considered. Starting
with the default parameters of Leica in Table 1, every single parameter is varied to its
limits and every effect of the surface gets recorded.

To detect the changes in a time-consuming and fast way the High Resolution SEM (ZEISS
Ultra 55) is used. Besides the effect on the morphology the conductivity can also be de-
tected qualitatively. More details about the device are written in Section 2.5.1.

5.1 THICKNESS

The first parameter, which was observed, was the influence of the thickness on the sput-
tered film. The line of reasoning was that the increasing of the thickness causes a coa-
lescence of the aggregates of grains which are separated by deep ditches. The theoreti-
cal background of the growth in Chapter 2 shows that some characteristic modes exist
through the growth process. One of the last growth modes is the formation of ditches or
channels due to the fact that the minimal area of the surface is striven.

Based on the default parameters of Leica, four different samples were prepared with
different thickness values.

Table 3: Sputtering parameters for varying the thickness parameter

sputter current Isputter [mA] 30 working distance WD  [mm] 50
pre-vacuum ppre—vac [mbar] 8e—5 sputter-vacuum p Ay [mbar] 5e—2
rotation rot [-] 3 tilt t [—] 0
thickness d [nm] 2,10, 20, 50

substrate material [—] silicon target material [—] AuPd

The sputtered thin film is evaporated on a substrate. The substrate should not influ-
ence the growth of the film, therefore a basis is chosen which has no crystal orientation.
Surfaces with amorphous behaviour are especially suited for this, like glass-slides made
of soda-lime glass, or silicon (Si) wafers. During producing a Si wafer, a thermal oxide
with several 100 nm in height becomes processed on one side of the wafer which is not
used for lithographing electrical devices like capacitors or transistors. This oxide surface
is insulating and has an amorphous structure.

The resulting morphologies are depicted in Figure 34 and Figure 35. Especially between
the 2-nanometre and 10-nanometre-thin film, a significant change of the morphology is
observed. Besides both images, more investigations of less thickness values were per-
formed, but the most meaningful images were used for further evaluations.

A less contrast change between ditches and grains lets assume that the 2-nanometre-thin
film is smoother than the others. With increasing thickness the ditches become stronger
and the contrast between ditches and grains is greater than in the first HR-SEM image.
This result lets assume that the thinner the film is the smaller is the texture of the surface.
But during the measurement with the scanning electron beam, it is observed that the
resistance of the thin film which has 2 nanometres in height, is much higher than the
other surfaces due to less discharge behaviour of the induced charged particles.

On a closer look at the surface of the upper image in Figure 34, the result of the higher
resistance seems plausible. The reason for the less conductivity is that the grains are com-
pletely surrounded by the ditches. The difference in height between grains and ditches
is not that high than on the other surfaces but it suffices to influence the movement of
the electrons negatively.
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Figure 34: HR-SEM images (In-lens SE detector) with 100, 000 x magnification based ona 10" x 10"
Polaroid. AuPd films with 2nm (upper) and 10nm (lower) thickness.

45




MORPHOLOGICAL EFFECTS BY VARIATION OF SINGLE PARAMETERS

WD=20mm  Width=1.143 ym u74908 tif fe |
EHT = 3.00 kV  Detector = InLens AuPd - 20nm - 30mA - 50mm - 5e-2mbar FELMI-ZFE-GRAZ

——TY -

b, o A .
o ‘ A Y ) I %
- SAW \d F 4

A.v“s_.".:’“l

; : &
WD=20mm  Width=1.143 ym u74915.tif fe |
A
EHT = 3.00 kV  Detector = InLens AuPd - 50nm - 30mA - 50mm - 5e-2mbar FELMI-ZFE-GRAZ

Figure 35: HR-SEM images (In-lens SE detector) with 100, 000 x magnification based ona 10" x 10"
Polaroid. AuPd films with 20 nm (upper) and 50 nm (lower) thickness.
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The increase of the thickness does not lead to the coalescence effect. With a certain
possibility the expected effect would appear at much higher values than 50 nm, but the
experimental series is aborted at 50 nm because the usage of thicker films is not applica-
ble anymore.

Qualitatively, the amount of the ditches and the dimensions changes slightly but not
drastically. To get a quantitative statement, the amount of the dark area is related to the
bright area and is expressed in percent. Analysing a characteristic length out of the frac-
tal forms of the ditches is quite difficult. Therefore, the relation between the dark and
the bright area is simple and applicable at these images to express a quantity. For sure,
the value of pixel related to the dark area, for instance, depends on the threshold which
is set, but if all data are compared with each other and the contrast and brightness ad-
justments are set to nearly the same value, a meaningful statement about the randomly
distributed ditches can be made.

A method to analyse the upper threshold of the black ditches works by using the his-
togram. The histograms of all images are taken and compared with each other. Adjust-
ment of brightness and contrast by using image processing tools changes just the curve
shape of the number of pixels along the grey scale. This means a change of the brightness
shifts the histogram along the grey scale and the contrast widens it. Now, the contrast
settings have to be sufficed to get more than one single Gaussian curve in the histogram.
In this case, the global maximum of the different distributions can be used as reference
point for an overlay of the histograms. All histograms are shown in Figure 36 (right)
with a common maximum at 182 of the grey scale. Afterwards, a Gaussian function
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Figure 36: The histogram of the different HR-SEM images (right) and the resulting histogram
after subtraction of the Gaussian fit (left).

is fitted around each global maximum of the histogram and the resulting Gaussian is
subtracted from the data and leads to the graphs in Figure 36 (left). The area until the
first zero-crossing is the number of pixels of the ditches and can be compared with the
whole number of pixels to get the area in percent. The percentage of the ditches area in
proportion to the grains of the HR-SEM images is shown in Table 4.

In Figure 36 (right), the histogram of the image with the 2-nanometre-thin film be-
comes noticeable by an insufficient contrast behaviour. The reason for the low contrast
is the low height of the grains. Therefore, low secondary electron emission appears and
the detectable signal is quite small.
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Table 4: Fraction of ditches area in percent of the HR-SEM images of Figure 34 and Figure 35

analysis method material thickness d [nm] sputter rate R[]  area of ditches Agitches [%]

HR-SEM AuPd 2 0.064 -

HR-SEM AuPd 10 0.060 23.8
HR-SEM AuPd 10 <1 — 20.1
HR-SEM AuPd 20 0.057 16.8
HR-SEM AuPd 50 0.064 17.2

But the other images exhibit a sufficient contrast and cause an acceptable result. The val-
ues of the ditches area lies between 23.8 % and 16.8 % with a decreasing behaviour. This
decreasing of the ditches area supports the hypothesis that films with thickness above
much more than 50 nm grow together to a continuously metallic film.

A further experiment was done to investigate the morphology in relation to the variation
of the thickness parameter. The surface of AuPd films of which thickness is less or equal
to 2 nm, looks smooth like in the upper image of Figure 34. Therefore a further step to
decrease the ditches was, to build a 10-nanometre-thin film which is made of ten times a
smoothly 1-nanometre-thin AuPd film.

The result is shown in Figure 37. The size and the percentage of ditches in comparison
to the grains does not distinguish from the 10-nanometre-thin film sputtered before.

10x 1 nm Au/Pd (Sample 4: Glas) FELMI-ZFE-GRAZ

Figure 37: HR-SEM images (In-lens SE detector) with 100,000 x magnification. AuPd films with
10 x 1 nm thickness, sputtered with the parameters of Table 3.

Obviously the film growth cannot be restarted by stopping the sputtering process to
start the film growth from the beginning again. If the sputtering process goes on, the film
growth continues from that point where it has stopped.
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The working distance, which is the distance from the target to the substrate, can be
varied within the range from 30 mm to 100 mm. All other parameters (see Table 3) are
held constant like in the experiment before. Due to the results of the last section, the
thickness is set to 10 nm, while the working distance varies along its whole range with
four steps at WD = {30,45,75, 100} mm.

In this experiment the expectation of getting a change in the morphology is bigger than in
the preview experiment because the increasing of the working distance leads to a change
of the interaction between the sputtered atoms and the environment. The mean free path
of a sputtered particle is around 1 — 10 cm in the used argon atmosphere, the number
of collisions till the sputtered atom arriving the substrate gets higher by increasing the
working distance or gets lower for smaller distances. Less collisions mean less transfer of
energy to the surrounding argon atoms, the increased remaining energy could be used
for moving adatoms on the surface of the substrate.

The result which is seen in Figure 38 and Figure 39 is quite a surprise. The HR-SEM
images show broader ditches at working distances which are closer to the target than
for those ones which are farer away. Expected was rather an opposite behaviour than the
one which was depicted in the images. A higher kinetic energy should lead to a higher
movement of the atoms on the surfaces reducing the ditches.

A closer look is taken at the comparison between both extrema - the HR-SEM image of
the thin film which is sputtered at WD = 30 mm and the image which shows the film
with WD = 100 mm. Besides the broadening of the ditches another difference can be
found. The area of the aggregated grains between the ditches at WD = 30 mm are much
bigger than those areas at WD = 100 mm.

The same analysis procedure as for the variation of thickness is performed for Figure 38
and Figure 39 and the results are shown in Table 5.

Table 5: Fraction of ditches area in percent of the HR-SEM images of Figure 38 and Figure 39

analysis method material working dist. WD [mm] sputter rate R [%] area of ditches A gitches [%]

HR-SEM AuPd 30 0.057 16.3
HR-SEM AuPd 45 0.065 224
HR-SEM AuPd 75 0.036 26.4
HR-SEM AuPd 100 0.021 30.4

The values of the area for the ditches based on the number of pixels show that the
assumption which is taken by the human eyes is wrong. The number of ditches increases
and therefore the resulting area rises by increasing the working distance. In other words,
the agglomeration of grains rises by decreasing of the working distance. The working
distance is a parameter which is limited from the geometry of the sputter coater and
therefore values which are smaller than 30 mm cannot be evaluated. Looking for another
parameter which influences the kinetic energy and also the rate of sputtering atoms
seems to be necessary to reach the aim of a texture-free film. The results look quite good
for moving the experiments to this direction. The analysis technique for quantifying the
ditches works also acceptable. The statements of this method suffice to interpret the
images as objectively as possible and the human eyes cannot do.
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Figure 38: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with a working distance of 30 mm (upper) and 45 mm (lower).
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Figure 39: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with a working distance of 75 mm (upper) and 100 mm (lower).
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5.3 VOLTAGE (CURRENT)

The next step to get a texture-free film is the variation of the applied electrostatic field
between target and substrate by changing the value of the current, which is shown in the
graphical user interface of the used sputter coater. The voltage changes the acceleration
of the ionized Ar-atoms which impinge the surface of the target material.

An Ar-atom with high velocity transfers a higher impulse and leads to a higher emission
of target atoms than an atom with slow speed. As written in Section 1.2.3 the energy
distribution of the target atoms does not change significantly. The maximum of the dis-
tribution lies around a few eV. Therefore, this experiment can be used to observe the mor-
phology by increasing the sputtering rate. The decrease in ditches cannot be assigned to
a single physical effect in the measurement before. Either the increasing sputtering rate
or the increasing of the kinetic energy were able to improve the surface structure.

Table 6: Sputtering parameters for varying the current parameter

sputter current Ispytter [MA] 15,40,70, 140 working distance WD  [mm] 50

pre-vacuum Ppre—vac [mbar] 8e—5 sputter-vacuum p Ay [mbar] 5e—2
rotation rot [-] 3 tilt t [—] 0
thickness d [nm] 10

substrate material [—] silicon target material [—] AuPd

The following measurements which were performed by the parameters in Table 6, are
an opportunity to separate the effect of the sputtering rate from the kinetic energy of the
sputtered particles. The results are shown in Figure 40 and Figure 41. Without a precise
analysis all HR-SEM images show nearly the same distribution of ditches. No drastically
effects occur due to the change of the applied voltage.

Table 7: Fraction of ditches area in percent of the HR-SEM images of Figure 40 and Figure 41

analysis method material current [mA] sputter rate R [%] area of ditches A gitches [%]

HR-SEM AuPd 15 0.022 19.1
HR-SEM AuPd 40 0.090 23.8
HR-SEM AuPd 70 0.200 23.9
HR-SEM AuPd 140 0.530 20.5

As assumed, the analysis with the histogram leads to the same result as expected from
the HR-SEM images. The methode to quantify the area of the ditches is not very precise
because the error of a single value amounts to AAgitches = £4 %, but it suffices to
notice a certain trend of the change of the morphology. Another fact which influences
the precision of the analysis is the sharpness of the images. If the astigmatism of the HR-
SEM image is not corrected as good as possible the percentage of the area of the ditches
affects negatively, too. To sum up, the sputtering rate does not influence the growth of
ditches as much as the working distance does. Therefore, one parameter is still left to
try a change of the kinetic energy - the argon pressure, which is discussed in the next
section.
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Figure 40: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with a sputtering current of 15 mA (upper) and 40 mA (lower).
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Figure 41: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with a sputtering current of 15 mA (upper) and 40 mA (lower).
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The parameters are set like in the section before, the film is sputtered with default pa-
rameters from Table 1 and the variation of the argon pressure is split in four steps at
PAr=6-1072,3-1072,1-1072,8- 1073 mbar. The idea is that the variation of the argon
pressure affects the amount of thermalisation effects. The mean free path of the sputtered
atoms increases from several mm to some centimetres, estimated by | = \/]j‘i;p from the
kinetic gas theory by decreasing the argon atmosphere to the lower limit of the device.

The increased mean free path leads to an increasing of the kinetic energy of the sputtered
particles, a higher sputtering rate and a more directional sputtering behaviour than at
higher argon pressures. The results of the experiment are depicted in Figure 42 and

Figure 43 and the histogram analysis is tabulated in Table 8.

Table 8: Fraction of ditches area in percent of the HR-SEM images of Figure 42 and Figure 43

analysis method material argon pressure [mbar] sputter rate R [**] area of ditches Agiiches [%]

HR-SEM AuPd 6-102 0.052 22.9
HR-SEM AuPd 3-1072 0.104 22.3
HR-SEM AuPd 1.102 0.185 9.0
HR-SEM AuPd 8-103 0.196 -

The analysis by the histogram of the grey values reveals a drop of the percentage from

22.9 % to 9.00 %. The result of the thin film which is sputtered with pa, = 8- 10—3 mbar
cannot be evaluated because the calculation fails for surfaces without ditches or with less
contrast difference between grains and ditches (like in Figure 34 (upper)).
The HR-SEM image at pa, = 8- 1073 mbar shows a drastic improvement of the surface
morphology. No ditches appear and the surface is smoother than all other sputtered thin
films before. The SEM cannot resolve the single grains which form the continuous film.
The difference in height is too small for the detection with secondary electrons. Now, it is
important to know which effect of the enumerated ones is the reason for such a thin film
like in Figure 43 (lower). The increasing sputtering rate is definitely not the main reason,
otherwise the measurements by variation of the current would cause more affect on the
surface morphology. Either the faster target atoms or the directional sputter behaviour
lead to this result. But the measurement method itself reaches its limits and does not
yield much more information to characterise the texture-free film.
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Figure 42: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with an argon pressure of 6 - 1072 mbar (upper) and 3 - 10~2 mbar (lower).
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Figure 43: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with an argon pressure of 1-10~2 mbar (upper) and 8 - 10~3 mbar (lower).
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5.5 SUBSTRATE

With the reduced argon pressure a metallic thin film free of ditches can be created. Now,
a certain quality of the film is produced by a certain set of parameters. To get a statement
about the usability the change of the quality of the film has to be investigated by chang-
ing some basic conditions like the substrate or the target material.

Before changing the target material, the effect of the surface morphology is observed by
two methods. The first one is the HR-SEM, which was already used before, to characterise
the surface structure and the resistance. The second method is the electron diffraction by
the FEI Tecnai 12, a Transmission Electron Microscope. From this device, information
about crystal orientation can be provided to find out a possibly preferred growth direc-
tion of the metallic crystal structure.

Several literatures which handle the growth of metallic thin films report of a substrate
energy of crystalline substrates which forces thin films to grow along the same crystal
orientation like the substrate consists of. A summery of this topic can be found in Sec-
tion 2.4.

AuPd films with the same parameters of those in Figure 43 (lower) were examined with
the HR-SEM. The difference between the measurements of Figure 43 and Figure 44 is that
another substrates than silicon oxide was used - soda-lime glass and sodium chloride.
Soda-lime glass is an amorphous material, as the name lets assume and sodium chlo-
ride is a crystal with preferred orientations of the crystallites. The typical NaCl crystal
structure is a face centered cubic (fcc) lattice with a basis consisting of two atoms. Those
preferred orientations which come from crystal are marked in Figure 45 (lower).As the
images of the HR-SEM show, the surface smoothness retains and no further effect on
the film growth can be seen. But to be sure, a second measurement was taken with the
TEM. The substrates differ from the HR-SEM measurements because soda-lime glass or
silicon oxide cannot be prepared to fulfil the recommendations for analysing samples
with the TEM. The used transmission electron microscope was FEI Tecnai 12 for the
diffraction patterns that is featured by an LaBg electron source at an acceleration voltage
of Ug = 120kV and reaches a point resolution of 0.34 nm. Instead of using soda-lime
glass an ultra-thin electron transparent, amorphous polymer, called Formvar, was used
for investigating metallic thin films grown on amorphous material in the TEM. The film
can be sputtered directly on the polymer and no further preparation steps have to be
done. The other substrate is NaCl. NaCl has the advantage that it is soluble in water.
When the crystal is solved completely, just the metallic thin film swims on the surface of
the water. The film is skimmed with a copper grid and is taken on the sample holder.
The resulting images of the HR-SEM measurement do not differ from the images of
the thin films which are sputtered on a silicon oxide substrate, but the diffraction pat-
tern shows a difference between both films. Obviously thin films which are sputtered
on amorphous substrates have also amorphous behaviour during the growth process.
Amorphous means, that all orientations of the crystallites are equally distributed along
the planes perpendicular to the electron beam. The substrate energy of an amorphous
material is as small as it could influence the growth process. In contrast, the diffraction
pattern of the thin film which is sputtered on a NaCl shows a significant deviation from
the amorphous diffraction pattern. Some certain crystal orientations are preferred. Those
orientations which are depicted in Figure 45 stem from the NaCl crystal, although the
NaCl crystal was completely dissolved in the water before the measurements began. The
cause for this result is that a crystal like NaCl has enough energy to influence the growth
process. However, the HR-SEM images of a thin film which is sputtered on a crystal
looks the same like the thin film which is prepared on an amorphous substrate.
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Figure 44: HR-SEM images (In-lens SE detector) with 100,000x magnification. AuPd films sput-
tered with an argon pressure of 8 - 1073 mbar on a soda-lime glass (upper) and on a
NaCl crystal (lower).
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Figure 45: Electron diffraction pattern at Ug = 120 kV and Spotsize = 1. AuPd films sputtered
with an argon pressure of 81073 mbar on Formvar (upper) and on a NaCl crystal
(lower).
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During doing the first steps of the evaluation process to quantify such kind of structures
a threshold technique of the image processing library of Matlab was used. The principle
behind the threshold technique is described further in the Section 7.1 where this analytic
tool was evaluated again for characterisation of island sizes. But setting an upper and
lower limit of the ranges where ditches appear is quite subjective and depends strongly
on the user who determines the boundaries of the ditches. Therefore, different character-
istic lengths of the ditches will be detected which do not represent the real value.
Furthermore different contrast settings of the HR-SEM were investigated to reach greater
contrasted ditches to get an image which can be further analysed by image processing
tools like Image]J [17] for detecting these ditches. Figure 46 shows the image of such kind
of contrast settings. The white areas are the ditches which have to be characterised and
all other contrasts are just inside a background signal, which ends up in black areas.

WD= 28mm Width=1.143 um 100 nm u69649.tif
EHT = 3.00kV  Detector =InLens 2nm Au/Pd WD=30 (sample 1) LUT change FELMI-ZFE-GRAZ

Figure 46: HR-SEM image where ditches are highlighted by adjusted contrast settings.

The result of this image is as subjective as the threshold technique before, because the
range where ditches appear is not always the same contrast range for films with differ-
ent sputtering settings. Another fact which limits this method is that the ditches have
a fractal shape where a characteristic length is not easy to determine. A more precise
look to the ditches in Figure 46 lets also assume that the length is probably randomly
distributed, what makes a determination of one certain length more difficult.

In addition the power spectral density function (PSD) was evaluated, too. Further details
of the PSD are written in Section 7.1, which especially deals with detailed information
about different particle analysis procedures and algorithms. The result of the PSD func-
tion should be more objective than the methods described before, because there are no
thresholds which have to be set to make the method work. But the result contains several
peaks which could not be identified to the ditches and therefore no value could be found
which represents the quality of the film.

Otherwise the number of ditches could give information about the quality of the conti-
nuity of the film surface, therefore the value which is expressed in percent in comparison
to the whole area was chosen to quantify the quality of the film in Chapter 5.
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After realising an continuously grown metallic film by decreasing the argon pressure,
further experiments should lead to a deeper understanding of thin film growth stages.
Investigations by increasing the thickness (see Section 5.1) showed that ditches are cre-
ated from the beginning of the nucleation process and they keep staying at the end of
the sputter process. Therefore, a closer look at the first seconds of the growth process is
taken to consider possibly differences between the growth of both types of thin films -
the highly structured film by ditches and the continuously grown film.

The analysis of such a kind of film which has not been nucleated to a conductive film
poses a challenge. The need of high resolution is necessary to investigate differences
in sub-nanometre-ranges, therefore the usage of electron microscopy cannot be avoided
directly. In such a case, the HR-SEM does not reach the required resolution. Just the
Transmission Electron Microscopes (TEM) can be taken into account because it yields the
resolution as needed, also for less conductive samples, if the thickness is small enough
and the charging effects are less than for HR-SEM.

The thin film is prepared like the samples for the experiment of the investigation of pre-
ferred crystallographic orientations sputtered on amorphous substrates. The amorphous
substrate is given by a polymer which covers a TEM grid of copper, called Formvar. One
of two sample is sputtered with the default parameters like in Table 1 and the other one
is sputtered with the lowest argon pressure pa, = 81073 mbar. The sputter process of
both samples is stopped at certain thicknesses which are not measured with the build-in
quartz, but the process ends after a certain time depending on the sputtering rate. This
time is determined by a linear behaviour of the sputtering rate after a sputtering process
of a 10-nanometer-thin film. The assumption of the linear relation is not 100 % accurate
because the sputtering rate differs a lot in the first sub-seconds from the sputtering rate
at the end of the process, but it suffices to compare the nearly same growth modes by
different sputtering conditions.

The investigation was performed using the FEI Tecnai F20, with Ug = 200 kV and the
results can be seen in Figure 47 to Figure 52. As written before, at very short sputtering
times the comparison between films with different sputtering rates are quite difficult.
With the assumption that both images in Figure 47 are in the same growth mode, the
result shows a big difference between the film which is sputtered with highly structured
thin film settings and settings which lead to a textured-free film. Although the sputtering
time amounts just a few seconds. It can be seen that the number of adsorbed grains is
higher on the right picture than on the left one. A precisely look at the grains shows also
that the diameter of the grains on the right side (this film which results to a texture-free
film) is smaller than the grains on the left image.
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Figure 47: TEM images (bright-field) - AuPd films sputtered with d < 0.25 nm,
PAr =5-1072 mbar (left) and pa, = 8- 103 mbar (right) on Formvar.

Figure 48: TEM images (bright-field) - AuPd films sputtered with d = 0.25 nm,
PAr =5-1072 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.

Figure 49: TEM images (bright-field) - AuPd films sputtered with d =1 nm,
PAr =5-102 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.
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Figure 50: TEM images (bright-field) - AuPd films sputtered with d = 1.5 nm,
PAr =95 10~2 mbar (left) and PAr = 8-1073 mbar (right) on Formvar.

Figure 51: TEM images (bright-field) - AuPd films sputtered with d =5 nm,
PAr =5-1072 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.

Figure 52: TEM images (bright-field) - AuPd films sputtered with d = 10 nm,
PAr =5-1072 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.
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The reason why the number of grains increases could be the higher sputtering rate
due to the less argon pressure. Also the higher kinetic energy of the sputtered particle
leads to more nucleation centres and therefore to a higher number of grains [33]. The
consequences of these effects influence the further film growth. The next step of the
growth process is the nucleation of the grains which reaches already the critical radius.
The thin film which is sputtered with par = 81073 mbar does not reach the critical
radius shown in Figure 47 (right) because the size of the grains increases further which
can be seen in Figure 48. On the other side, the grains of the thin film which are sputtered
with par = 51072 mbar lead to a highly textured film, grow together. They form
agglomerates which include 3 to 4 single grains. Obviously the reduced sputtering rate
forces the grains to prefer an extension of the capturing zone than to wait for incident
particles to increase its grain size.

Afterwards both thin films with different sputtering conditions reach their critical grain
size, the nucleation effect prevails and agglomerates are formed which include around
10 or more grains. Between the areas where grains grow together, there are channels
which separate these regions. The growth mode at d = 1 nm occurs on both TEM images
in Figure 49 and looks also similar to the other. Nevertheless one difference can be seen
by taking a closer look to the ditches. In the ditches on the left image, no adatom or
grain can be observed. In contrast, some growing up grains are found inside the ditches.
This small difference seems to be the reason why the right thin film grows up to a
continuously grown metallic film. Figure 50 shows the mode of the growth state some
seconds apart from the image before. Small ditches disappear on both films, and the
grains inside the ditches of the right image grow further until the film growth is finished
at d = 5nm. Higher thickness values do not change the thin film which is sputtered
with par = 8-1073 mbar, but the comparison of the films which are sputtered with
PAr =5- 10~2 mbar between d = 5nm and d = 10nm shows, that ditches expand but
do not get filled - no matter how big the ditches are, no single adatom falls into them
and forms a nucleation centre for a new grain.

Another statement out of this experiment can be made about the ditches. Images of the
HR-SEM show the geometry of the ditches, too. But the height of the ditches could not be
evaluated by analysing the hight distribution with 256 grey values. With the TEM images
an exact value cannot be calculated out of the image either, because both tools are not
made for this kind of analysis. But the TEM image has a major advantage through its
transmitted behaviour. It can distinguish between ditches which are going through the
whole cross-section of the film and ditches which have just passed the surface. Therefore,
the image series shows that ditches arise from the first second of the sputter process and
do not disappear at the end of the process if the settings of the argon pressure is too
high.

Besides the TEM images, which show the different growth stages, the crystallographic
behaviour of these films is investigated. The selected area electron diffraction (SAED)
pattern leads to information about the orientation of the crystals. Like in Section 5.5,
the NaCl reflexes were observed and could be assigned to the preparation method itself.
Now, the film is sputtered on a neutral surface which does not influence the film during
the sputter process. Therefore, a change of the SAED pattern would refer to a difference
of the film growth due to the different sputter pressures. But Figure 53 does not show a
difference. A homogeneous ring pattern means that the crystal orientations are uniformly
distributed and no certain direction is preferred.

The comparison shows that the ring radii are always the same, thus the compound of
AuPd does not distinguish from both sputtering process. Just the intensities which are
greater than the first order between the left half of the merged images are different. This
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can be explained by the fact that the ditches, which are areas without deflection, reduce
the number of scattered electrons (especially for higher orders).

AuPd p = 5e-2 mbar AuPd p = 8e-3 mbar

5l

Figure 53: TEM electron diffraction images (SAED) of the last state of the growth process which
is depicted in Figure 52. On the left side the diffraction pattern is shown of the film
where ditches occur and on the right side the diffraction pattern of the ditches-free
AuPd film can be seen.

This fact that no difference of the growth stages could imply that the formation of

ditches is not a result of a chemical change or crystalline re-orientation. The reason is
more likely based on the behaviour of the direction or the kinetic energy of the impinged
target atom.
This analysis method with its high resolution is the ideal tool for observing the different
growth states of a metallic thin film with small conductive behaviour. HR-SEM would not
reach such a quality of images at this conditions. But even here, a precise characterisation
of the continuously grown film is impossible to get a distribution for the grain sizes or
other values which help to evaluate the quality of the film. Therefore, another method or
analysis procedure has to be found to reach this goal.
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THIN FILM

A continuously grown metallic film grows in a reduced argon atmosphere. Investiga-
tions with SEM and TEM show the morphological behaviour and the difference of the
growth between textured and non-textured metallic films, respectively. Both methods
do not reach a resolution for measuring the dimension of an island on the surface of a
film. Islands are compounds of grains which form agglomerates. Figure 44 and Figure 52
(right) depict the problem for the analysis to quantify the quality of the film. The contrast
of the HR-SEM image is too weak for further image processing and the information from
the orientation contrast of the TEM image is also too low to get a sufficient statistic for
determining a quantity.

Another measurement method is evaluated to get such an information like an island
size distribution - the atomic force microscopy (AFM). Bruker-Dimension FastScan Bio
is used for characterising continuously grown metallic thin films. More details about the
device is written in Section 2.5.2.

First, the pixel resolution and the range of interest have to be determined. Therefore,
some measurements were performed with different scanning windows and pixel res-
olutions. For getting meaningful results at such small dimensions some aspects were
considered and important for the further analysis procedures by image processing tools:

e pixelsize: The diameter of a single island is about 10nm, for instance. To measure
small deviation of the diameter the pixelsize has to be smaller than at least 0.5nm
to detect a change of the starting situation.

e islands per scanning window: More islands per scanning window lead to higher
statistics which influence the error analysis of the resulting distribution positively.

But both quantities are limited and they are often contradictory. An image with a high
number of islands by a high pixel resolution is very difficult to achieve, because the
higher the number of pixels the higher is also the time which is needed per scanning
line. Some fundamental effects like local thermal instabilities or rising wear of the AFM
tips cause drift phenomena which result in distortion of the islands and influence the
island distribution negatively.

Figure 54 shows such effects. The upper image is an AFM measurement at a scanning
window of T um x 1 pm by 2048 px x 2048 px. In contrast, the lower image is recorded by
250 nm x 250 nm and 1024 px x 1024 px. A 2D-Fast-Fourier-Transformation (FFT) figure
for showing the symmetrical behaviour of the islands is inset in both images. Due to
the long scanning time per line these fundamental effects occur in the upper image and
make the measurement useless (the FFT is distorted along the vertical axis), although
the statistic would be acceptable. The measurement setting of the lower image is also
a bad choice because the number of depicted islands is too small to give a meaningful
statement about general behaviours along the whole film, but the resulting drift effect
is small enough and can be neglected because the circular form of the FFT means that
the islands are not distorted strongly. Another reason for changing the settings is that
the signal to noise ratio becomes smaller at such a small scanning window and worsens
the image quality. Therefore a compromise has to be made for getting a statistically
significant statement at an acceptable resolution.
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Figure 54: AFM images of a 10-nanometre-thin, texture-free AuPd film with different scanning
parameters. Upper image shows a image resolution of 2048 px x 2048 px and the lower
image has a resolution of 1024 px x 1024 px
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A good choice for this is an image with a scanning window of 500 nm x 500 nm
by 1024 px x 1024 px, which is shown in Figure 55. The lateral length of one pixel is
approximately about 0.5 nm. The mentioned effects before, which influence the quality
of the image negatively, are quite small in comparison to all other resolutions and the
statistic of about more than hundreds of islands suffices to give a general statement.
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Figure 55: AFM images of a 10-nanometre-thin, texture-free AuPd film with a scanning window
of 500 nm x 500 nm and a resolution of of 1024 px x 1024 px

The inset FFT image shows no certain preferred orientation except the vertical line
which refers to the scanning direction of the AFM measurement. A circular pattern of
the FFT is caused by a nearly distortion-free scan of a surface. Often small distortions are
not avoidable due to a small amount of wear of the tip and have to be taken into account
by the error analysis. But in general, the mathematical formalism of an AFM image is

represented by a convolution of the object that has to be measured and the needle tip.

Therefore, a tip which is much bigger than the smallest artefact of the sample does not
collect all details. And otherwise the real value of an object cannot be measured directly
without a deconvolution correction.
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7.1 PARTICLE ANALYSIS

There are several methods for determining dimensions of islands. Whereas determina-
tions of island sizes of polymers are managed much easier because they have a large
distance between their neighbours. Determination of a continuously grown thin film is
quite challenging for image processing tools. Particle analysis out of SEM or TEM images
are mostly impossible because the resolution of the z-axis is mostly too less to separate
one single island of a whole cluster, although the lateral resolution would suffice.

0.00 0.05 010 0.15 0.20 0.25 0.30
1/nm

Figure 56: Logarithmic power spectral density function of HR-SEM image which can be seen in
Figure 44 (lower).

The SEM images were analysed by the power spectral density function (PSD), for
instance, which is often used in the AFM measurements to compare morphological pa-
rameters of the observed films [9], [26]. Films with surfaces like in the HR-SEM images
of Figure 44 were used for evaluation the PSD to quantify islands. PSD can be written
as the Fourier transformation of the autocorrelation function [6] and yields information
about roughness and correlation length. There are existing several models like the Gaus-
sian model or the ABC of k-correlation model to get out parameters depending on the
shape of the PSD.

Figure 57: TEM darkfield image of an metallic film like Figure 44 shows.

In Figure 44 (lower) a high resolution image of a gold-palladium film is depicted, some
islands can be seen clearly and the PSD function was used to quantify these islands (like
in Section 5.6 to quantify the ditches) which is shown in Figure 56.

The first part in the low frequency range of the PSD should include several maxima of
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the most likely occurring island sizes. But there is a spread shoulder of values which
cannot be identified as a distribution of sizes.

The TEM image would lead to bigger contrast of an island, at least more contrast than a
SEM image of the gold-palladium film. Figure Figure 57 shows a darkfield image of the
same thin film of Figure 44, which is measured with the SEM. The reason of the resulting
contrast occurs from a different physical cause than in the SEM. Regions with the same
grey value are crystallites with the same crystal orientation. To quantify the islands this
regions are of special interest. But the boundaries to the neighbour islands are too weak
to separate single ones from the neighbourhood. No image processing tool can handle
this image to get information about sizes. The shape is also different than in the SEM.
They look like more cornered than in the SEM where the islands can be assumed as
round objects.

Therefore the AFM measurement method would be evaluated for characterising metallic
thin films. It has a lot of advantages in comparison to the already observed methods. One
of these is the high z-resolution that is depicted in Figure 55. Single islands inside the
agglomeration can be easier separated as for other measurement methods. But it remains
a challenge.

A quantification of island distribution is necessary to evaluate the optimum sputter pa-
rameters and the best sputter target for HR-SEM.

7.1.1  Threshold

The threshold method is a very simple technique to separate islands from underground.
If the islands are far apart from each other and the height difference between under-
ground and island is big, this method will apply. The detection of island boundaries is
made by setting of threshold at a certain slope value, height value or a certain curvature.
But if the distance between the island is as close as in Figure 55 and the islands are also
flat, the result of a particle analysis by threshold techniques is insufficient because the
technique comes close to its limits.

The island size would depend on the threshold which would be set. Therefore, a mean-
ingful statement of the real island size distribution cannot be expected by this analysis
method.
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Figure 58: Detection of single islands by threshold techniques. Left image is the origin AFM
measurement and the black areas at the right image depict the detected islands.
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The problem with detection of islands within a continuously grown film is depicted in
Figure 58. The detection of the islands is made by setting a threshold value for the height.
The relative height value is set to hyp = 49.4 %, all height values above hy}, are taken for
the detection of an island. A lower value cannot be used because it would cause just a
detection of noise. Additional setting for curvature and slope does not lead to a better
detection either.

7.1.2  Watershed

The watershed algorithm [3] is more complex than the threshold technique. Therefore,
the results are more valuable, too. The watershed particle analysis is part of the used
AFM analysis software tool Gwyddion [25]. This algorithm is divided into two phases.
The island location phase and the segmentation phase. During the island location phase
the algorithm is looking for local minima (in the case of an AFM image, the detection of
local maxima is mainly used) by placing a virtual water droplet on the surface. The size
of the droplet can be set by the parameter drop size. As soon as the droplet found a local
minimum (minimum of its potential energy), it rests on this position on the surface. This
procedure can be repeated several times, which is controlled by the parameter number
of steps. Afterwards the image consists of small lakes. The smallest lakes (set by the
parameter threshold) can also be removed to reduce the detection of noise peaks.

The location phase is finished and the segmentation phase begins by setting a new drop
size and a new value at number of steps. The located islands are filled with droplets further
until the number of steps is reached. If a droplet falls on a region where more than one
island is located, the position is marked as island boundary. Otherwise if just one island
is located at a position where the droplet falls down, the droplet is associated to this
island. The last case, which is important for the understanding of the algorithm, is that
a droplet falls down at a position where no island is located and also no island can be
found in the neighbourhood of this position. Then the droplet is rejected by the algorithm.

0,00 pm 0,05 0,1

[T1,33am 0,00 1,33 nm
1,20

0,05

1,20

0015 020 025 030 035 040 045 -
0,60
0,40
0.20
0,00
-0,20
- -0,40
-0,60
-0,80
-1,01

Figure 59: Detection of single islands by watershed technique. Left image is the origin AFM mea-
surement and the black areas at the right image depict the detected islands.
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In comparison to the threshold technique the parameter settings of the watershed al-
gorithm are chosen less subjectively. All following analysis for AuPd were done with
the same settings. This procedure is nearly impossible for the threshold technique. The
difference is that the upper or lower limit of the peaks which are detected by the AFM
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Table 9: Parameters of the watershed algorithm for AuPd films

island location

number of steps 10

drop size 3.71%

threshold 26 px?
separation

number of steps 198

drop size 3.71%

are individual for every measured surface.

The resulting particle analysis is shown in Figure 59 (right). The number of detected
islands increases significantly in comparison to the threshold technique. The used pa-
rameter for droplet size, number of steps and the threshold are improved by variation of
all parameters to get the maximal value for the number of detected islands. The result-
ing values for the parameter of the watershed method which is used for AuPd films are
tabulated in Table 9.

The value for threshold is set to 26 px? and it is not varied. The reason for choosing the
value is based on the assumption that a perfect island depicts a circle on the horizontal
projection. 26 px? corresponds to a circle area with the radius of * = 1.4nm. The radius
of the islands which are assumed for AuPd is around v, pq = 6 nm, therefore the lower
limit for detection of a single island is an island with 1i ;nin = 1.4nm. All islands which
have dimensions less than 1i min are assigned to noise.

7.1.3 Radial Autocorrelation Function

Fekete et al. [7] described the determination of size distributions of nanoparticles which
surface is measured with the AFM. They used the radial autocorrelation function (rACF)
to generate a lateral size distribution depending on the slope, zero-crossing and the shape
of the rACFE. In the report the method is described and evaluated for densely packed
nanoparticles of which sizes are between 20nm and 1.5 pm. In general, the 2D-ACF is de-
fined as ACFh(x,y)}(Ax, Ay) = ((h(x + Ax,y + Ay)h(x,y))) and an example is depicted
in Figure 60 (left). All relevant information of the measured film is located between the
centre (0,0) and the first minimum of the 2D-ACEF. If the studied objects are radial sym-
metric the 2D-ACF can be transformed to polar coordinates (Ax, Ay) — AR, A@. Then
the 2D-ACF will be summed up over all angles to project the 2D problem to one dimen-
sion. The rACF is then defined as rACFh(r, ¢ )}(Ar) = (2)71 ACHh(x,y)} AT, Ap)d(Ae).
To not get too deep into the mathematical formalism the theoretical part ends here and
the practical usage is now described further.

Without further calculations Fekete et al. [7] defined a rule of thumb for the first estima-
tion of the mean island size value. This expression depends on the inflection point of the
rACF Ar;p and is defined as

dmean = 2.6 X Aty . (16)
For getting out the lateral size distribution the following algorithm has to be performed:

e Measuring the topography of the object which has to be studied by using AFM.
Thereby several requirements have to be fulfilled for applying the determination of
the lateral size distribution by the ACF technique. First, the AFM image has to have
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a pixelsize which is small enough to get enough pixels per islands. Then the mean
height of the whole image have to be zero (image flattening). And no artefacts (like
thermal drifts, effects of tip sizes, contaminations) may be present.

e Calculating the rADF out of the radial symmetric 2D-ACF

e A range of diameters has to be set for generating a model histogram. A good
initial guess for determining the range of the histogram will be the dmean, which is
introduced above.

e Using a least-square fitting procedure between the deviation of the model his-
togram and the measured rACF. With the values of the fit parameters the distri-
bution of sizes can be calculated.

A model rACF is defined by a function which is called modified Chinese Hat Function
(modChat) and represents the shape of the main part of the rACFE. To get a histogram out
of the result of the fitting procedure the distribution of sizes has to be roughly estimated
before the fitting can be done. The final least-square fit shows the accordance between
model and reality.
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Figure 60: A 2D-ACF (left) and the rACF (right) with the fitted modChat function of a continu-
ously grown thin AuPd film. Besides distortion effects, a minimum of the rACF below
zero is detected and leads to less applicability of the method.

Several calculations and measurements were done to evaluate this technique on the to-
pography of continuously grown metallic thin films. But the calculation out of the rACF
did not fit to the present surfaces. Even the rough estimation calculation does not lead to
the expected values. The problem was isolated to the AFM measurement. The smallest
mean value of the islands of the presented method by Fekete [7] is 20nm but the island
sizes of the studied AuPd film is approximately around the half dimension. Therefore,
an AFM measurement with the sufficient resolution is necessary to lead to success with
this method. The effects of thermal drifts and the influence of the tip increase by decreas-
ing dimensions of the islands, what is definitely the reason why no radial symmetrically
2D-ACF can be produced. In correspondence to the lead author of this report, another
effect was found to get an explanation why the method failed. Besides the asymmetric
behaviour of the 2D-ACF which is depicted in Figure 60 (left), the resulted rACF shows
the first minimum below zero. This behaviour is an indication that there will be no corre-
lation to the island dimensions and the rACF fitted with the modChat function. Fekete is
working on this problem by applying several torque function to a new model rACF to get
a size distribution out of methods with lower lateral resolutions like SEM, for instance
[31]. But in the meanwhile the determination of island size distribution with the rACF is
not applicable on thin films which means that the island size is lower than 20 nm.
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It was already observed that the argon pressure influences the growth behaviour. A
compact growth can be reached in a reduced argon atmosphere. Other parameters like
working distance or current have no significant effect on the morphology and the growth
process, which is shown in Chapter 5. The effect of these parameters on a continuously
grown film is investigated by atomic force microscopy and numerical analysis based on
the watershed algorithm in this chapter.

The parameters which are used for sputtering the metallic thin film are depicted in
Table 10.

Table 10: Sputtering parameters for varying the working distance by a continuously grown film

sputter current Ispytter [mMA] 30 working distance WD  [mm] 30, 45, 60, 75, 90
pre-vacuum ppre—vac [mbar] 8e—5 sputter-vacuum pa, [mbar] 8e—3

rotation rot [-] 3 tilt t [-] 0

thickness d [nm] 10

substrate material [—] silicon  target material [—] AuPd

No big differences of the dimensions were expected, therefore a precise analysis and a
precise handling of the devices are necessary for getting a meaningful result. The dimen-
sions of a single island of AuPd is also measured manually because it is better to know
about the conditions at the beginning of the measurement before the numerical analysis
starts. The resulting island radius of a AuPd sample, sputtered with the parameters of
Table 10, is tabulated and compared in Table 11. But a manual determination of an island
diameter is not an efficient way and costs a lot of time for getting a result which depends
also on the exactness of the user, therefore a numerical island size analysis is performed
additionally.

The algorithm is described in the section before. If the choice of the parameter for the
algorithm is done well, the identification of the islands is as good as in Figure 59 (right).
Now, three radii can be extracted:

e mean radius: This radius is referred to the center of gravity, all radii to the bound-
aries of the island are arithmetically averaged.

e minimum circumcircle radius: As the name lets assume, a circumcircle is fitted on a
single island and the radius with the smallest circumcircle counts. Figure 61 (right)
shows an island with a drawn circumcircle.

e maximum inscribed radius: The radius of the biggest circle which fits inside the
island. Figure 61 (left) depicts an island with an inscribed circle.

A horizontal projection of an ideal island has the shape of a circle and all three radii
would have the same value. The projection of a real island does not have to be a circle.
Therefore, all three values are observed during the analysis to get an idea which shape
is preferred by a AuPd alloy.

Out of the detected islands, an island size distribution is generated and is repeated for
each thin film with varied working distances. The island size distribution for each radius
is fitted by a Gaussian curve and compared amongst themselves. The resulting values
are shown in Table 11.

Besides the island size analysis, information about the height values of the islands are of
special interest. Therefore, the arithmetic mean roughness parameter R, and the average
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Figure 61: An island which is quantified by a maximum inscribed radius (left) and an island
quantified by a minimum circumcircle radius (right). [24]

depth of roughness parameter Rz of the whole AFM topographic image are taken to
extract the height information of the measured surface. R is defined as

.I n

Ra=—D lyi (17)

i=1

where |y;| is the surface profile height of the measured topographical image at the i-th
position and is an ISO standard which refers to ISO 4287-1997. Rz defines the arithmetic
mean of the distance between the five highest maxima and the five lowest minima (Y;)
per evaluation length (in this case a single scanning line) and is also a part of the ISO
standard of ISO 4287-1997.

-] n
Rz=¢ ; 1Yil (18)

If both values are the same, the sample is nearly flat. Otherwise Rz depicts a value of the
averaged height of the detected islands. These values are shown and compared in the
following table:

Table 11: Resulting island dimensions of a continuously grown AuPd film by variation of the
working distance

current 30 mA argon pressure  8e — 3 mbar thickness 10 nm
WD / mm  Tmean, wat / MM Trin cire / DM Tmax, insc Tmean,man = AT / nm
30 6.1 8.0 44 59421
45 6.2 82 4.3 61+17
60 5.8 7.8 4.0 64+1.6
75 5.8 7.6 4.1 6.2+17
90 5.6 74 5.0 6.0+1.7
WD /mm Rq+ARq/nm Rz=+ARz /nm
30 0.23+0.02 1.3+0.1
45 0.23+£0.02 1.2+£0.1
60 0.23+0.03 1.1+0.1
75 0.28+0.03 14+0.1
20 0.26 £0.03 1.4 +£0.1
Tmean, wat (5.94+0.3)nm
Tmean, man (6.1+1.8)nm
Ra,mean (0.25£0.03) nm
RZ mean (1.34+0.1)nm



7.2 PARTICLE ANALYSIS BY VARIATION OF THE WORKING DISTANCE

Regarding to the values of the radii by increasing the working distance, all radii are
slightly falling down and the height tends to increase. The difference is in the sub-
nanometre range and the analysis method by the watershed algorithm undertakes an
error which is greater than 0.5nm, therefore it is no meaningful statement but a small
tendency can be assumed. Therefore, the analysis is compared by the results of the man-
ually measured evaluation of the island sizes. At this analysis hundred different islands
are measured to get a mean island radius and the the errors are calculated from the stan-
dard deviation. Due to the high errors of both methods, no significant tendency can be
observed.

Another fact is that the different radii which can be extracted from the image processing
analysis by the watershed algorithm have a difference between 1 to 2 nm, which would
be regarded as a non circular behaviour of the island. But in this case the deviant tend to
be an artefact of an error-prone analysis, where the detection of non-separated islands is
taken into account.

Out of this analysis an averaged radius (from the data of the watershed and of the man-
ually done measurement) and an averaged Rz over all working distances are generated
and amount to

Tmean, Aupd = (6.0 = 1.8) nm and Rz mean, aurd = (1.3 £0.17) nm. (19)

The roughness values which are extracted from the AFM measurements cannot be
identified directly to the height values of the islands which are formed on the surface
of metallic films. This is caused by the finite tip diameter of the AFM needles and the
surface of the metal films does not form separated islands. These islands grow together
and make the evaluation of the island height and also of the lateral dimensions quite
difficult. But the combination of the roughness parameters R, and Rz is a good choice
for estimating the height value which is a property of a high quality thin film for HR-
SEM.
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CHARACTERISATION OF A CONTINUOUSLY GROWN METALLIC THIN FILM

7.3 PARTICLE ANALYSIS BY VARIATION OF THE CURRENT

The same measurements are performed by increasing the current of the Leica sputter
coater from 15 mA to 115 mA in five steps at a working distance of WD = 50 mm. The
resulting AFM images evaluated with the human eyes look similar to Figure 59, therefore
no significant difference is expected. The islands are detected by the watershed algorithm.
They are evaluated by the histogram of the island size distribution and manually. A
summary of all values are depicted in Table 12.

Table 12: Resulting island dimensions of a continuously grown, AuPd film by variation of the set

current
Working distance 50 mm argon pressure  8e — 3 mbar thickness 10 nm
I/ mA Tmean, wat / MM Trin cire / M Tmax, insc Tmean,man = AT / nm
15 5.4 7.3 3.7 6.1+17
40 5.5 7.2 4.0 59+138
65 5.4 7.5 35 62+1.6
20 5.6 7.3 3.9 59+19
115 5.9 8.3 3.5 6.1+17
I/ mA Ra*ARq /nm Rz +ARz /nm
15 0.244+0.02 1.2+0.1
40 0.24+0.02 1.3+0.1
65 0.23+£0.02 1.2+0.1
90 0.28+0.03 1.3£0.1
115 0.19£0.03 0.9+0.1
Tmean, wat (5.6 £0.2) nm
Tmean, man (6.1+1.7)nm
Ra,mean (0.24 £0.2) nm
RZ mean (1.2+£0.1)nm

The results shown in Table 12 do not differ significantly from the results of the mea-
surement before. Just the evaluated radii and also the height value processed with a
sputter current of 115mA vary more than all other values. In contrast to the measure-
ment before, a really slight tendency for an increasing of the radius of the islands could
be recognized by the watershed evaluation, however, the tendency is inside the error of
the measurement. Thus, the values are used to determine an averaged island radius and
an averaged island height. The results are given below:

Tmean, Aupd = (5.8 £ 1.7)nm and Rz mean, aupd = (1.2 £0.T) nm. (20)

The AFM images in combination with the watershed algorithm yield good results, but
the precision is on its limits. The resolution of the AFM is the highest in comparison to all
other used methods. However, it does not suffice to quantify a single island with an error
below 1.8nm at island radii for AuPd between 5.8 nm and 6.0 nm. For sure, the error is
caused by averaging the mean radius generated by watershed and the mean radius of
the manually done measurements, but it is not able to get exact values at this small
dimension. For a really precise statement of the island radius, the watershed algorithm
is not the best choice, but it is feasible in comparison to other analysis tools. The method
would work more accurate if the pixelsize of the AFM measurement was smaller. As
mentioned in the introduction of this chapter, distortion effects and hopping of atoms
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between scanning tip and object occur if the pixelsize is too small. However, a statistic of
more than hundred detected islands was able to be reached for an evaluation of the film
quality.






DEPENDENCIES OF TARGET MATERIALS

All experiments before were based on the target material AuPd. But not only AuPd leads
to a strong textured film under default conditions, target materials like gold (Au), Plat-
inum (Pt) and PtPd show the same behaviour. Therefore, this chapter deals with the
creation of thin films made of different materials with a similarly smooth surface based
on the newly acquired knowledge about the textured-free film of AuPd.

However, a major point is the behaviour of the mainly used parameter, the argon pres-
sure, depending on the target material. The morphological change by variation of the
argon pressure is described in Chapter 5 and it was found out that a textured-free thin
film can be generated by pa, = 8- 10~ 3mbar, but is not depicted when the ditches dis-
appear. The pressure where the morphology changes from textured to textured-free is
defined as critical argon pressure p,. After finding out this quantity, the film growth of
another material will be compared and characterisations of the islands by evaluation of
AFM images will be performed to determine island sizes of different materials.

8.1 CRITICAL ARGON PRESSURE

The same method for observing ditches formations is used in Chapter 5. With the HR-
SEM the surface of thin films is depicted and compared with different argon pressures.
The target materials PtPd, Pt, Au, tungsten (W) and iridium (Ir) are used to evaluate
the critical argon pressure depending on the materials. The institute possesses also other
materials like chromium (Cr) and aluminium (Al), but the oxidation reactions for these
materials are too big to handle the evaluation without vacuum transfer to avoid oxidation
effects on the surfaces after the exchange process between sputter coater and HR-SEM.
The starting point of this experiment is that a textured-free film can be generated at
Par=38- 103 mbar, the ditches begin to close at par = 1- 10~2 mbar shown in Figure 43
for AuPd. Therefore, the pressure starting from par = 2- 10~2 mbar has successively
decreased till the ditches are nearly disappeared. If a transition region exists, this region
is associated to the textured film.
The ditches-free films cannot be depicted in the HR-SEM. The lateral resolution is not
high enough to separate a single island from each other, therefore just HR-SEM images of
thin films with ditches are investigated. They are shown in Figure 62 and Figure 63. For
AuPd the texture is already well-known. Some other materials which are also depicted
in these figures look similar to AuPd, but materials like Au, Pt and W look differently.
The major point is that every material can be sputtered by certain parameters which lead
to the same effect in which ditches appear, like for AuPd, for instance.
Pt distinguishes strongly from all other materials, the ditches are very long and great
terraces has been formed at an argon pressure of pa, = 2- 1072 mbar.
W forms ditches just at a higher argon pressure than other materials, these ditches are
really short and nearly point-like. With successive decreasing of the pressure the critical
argon pressure can be found for each material and is summarised in Table 13.

All denoted values for p, are around par ~ 1- 10~2 mbar except tungsten. One differ-
ence between tungsten and other materials is shown in Chapter 4 where a cross-sectional
EDX line scan shows that the amount of build-in oxygen is much higher than for gold.
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WD= 20mm Width=2.287 pm 200 nm WD= 25mm  Width = 2.287 pm 200 nm
EHT = 3.00 kV  Detector = InLens AuPd - 10nm - 30ma - 50mm - 1e-2mbar EHT = 3.00kV Detector = InLens PtPd - 10nm - 35mA - 50mm - 2e.2mbar

.

WD= 27mm  Width =2.287 um 200 nm WD= 26mm  Width = 2.287 ym 200 nm

EHT = 3.00kV Detector =InLens Au-10nm-30mA-50mm - 2e-2mbar |EHT = 3.00kV  Detector =InLens  Pt- 10nm . 35mA - 50mm - 2e-2mbar

Figure 62: HRSEM image of textured thin film surfaces for different materials. The most impor-
tant sputter parameters are written in the caption of each HR-SEM measurement.
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WD=29mm  Width=2.287 pm 200 nm WD= 27mm  Width =2.287 pm 200 nm

EHT = 3.00kV Detector =InLens W- 10nm - 90mA - 50mm - 5e-2mbar |EHT = 3.00 KV  Detector =InLens  Ir- 10nm - 80mA - 30mm - 2e-2mbar

Figure 63: HRSEM image of textured thin film surfaces for different materials. The most impor-
tant sputter parameters are written in the caption of each HR-SEM measurement.

Table 13: Sputtering parameters and critical argon pressure of different materials
Material d /nm  Isputter / MA WD /mm pe / mbar

AuPd 10 30 50 <9.6-1073
PtPd 10 35 50 <1.0-102
Au 10 30 50 <95.1073
Pt 10 35 50 <1-1072
W 10 20 50 <2-1072
Ir 10 80 30 <12.1072

Probably this is the reason why W has a longer texture-free pressure range than other
materials. No other difference could be found during the SEM investigations.
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8.2 THIN FILM GROWTH OF IR

Besides studying the effects of parameter variations on the surface of the film, the growth
processes are investigated by TEM measurements. The growth process gives indication
of the current state of growing adatoms and the resultant film surface. In Chapter 6 the
growing metallic film of AuPd was compared with a resultant texture-free parameter
setting and a set of parameter which causes a thin film surface with deep ditches. Now,
the same comparison for Ir was done and is depicted from Figure 64 to Figure 67.

Ir was chosen because the scientific community prefers it for covering samples with a
conductive thin film. The reason for this is that the dimensions of islands are much
smaller than for other materials, therefore no relevant height information of the film can
be visualised in a HR-SEM, and it does not exist any oxidation effects of the surface.
That the islands are smaller can be assumed by looking at the ditches in Figure 63 which
occur due to the argon pressure higher or equal to pa, = 1.2- 1072 mbar. These ditches
are thinner and smaller in size than for AuPd, for instance.

The figures of the TEM measurements show exactly the same behaviour of the growth
process by comparing the films between texture-free and textured sputtering at different
growth steps as AuPd. The lower argon pressure leads to more nucleation centres with
a smaller size of the nucleated adatom-agglomerations. But at both images of Figure 64
the number of islands is higher than at AuPd in Figure 48. In general, that would mean
that there does not exist a critical number of nucleation centres per area to create a
continuously grown film unless the critical number of nucleation centres would have
been a material dependency.

Table 14: Sputtering parameters for investigating the film growth of Ir

sputter current Ispytter [MA] 30 working distance WD  [mm] 50
pre-vacuum ppre—vac [mbar] 8e—5  sputter-vacuum pa, [mbar] 5e—2,8¢e—3
rotation rot [-] 3 tilt t [—] 0

thickness d [nm] varies

substrate material [—] silicon  target material [—] Ir

Figure 64: TEM images (bright-field) - Ir films sputtered with d < 0.25 nm,
PAr =5-1072 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.
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Figure 65: TEM images (bright-field) - Ir films sputtered with d =1 nm,
PAr =95 10~2 mbar (left) and PAr = 8-1073 mbar (right) on Formvar.

Figure 66: TEM images (bright-field) - Ir films sputtered with d =5 nm,
PAr =5-1072 mbar (left) and pa, = 8- 1073 mbar (right) on Formvar.

Figure 67: TEM images (bright-field) - Ir films sputtered with d = 10 nm,
PAr =5-102 mbar (left) and pa, = 8- 103 mbar (right) on Formvar.
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83 CHARACTERISATION OF FILM MADE OF OTHER MATERIALS

Before a precise particle analysis for a film which is made of a different material than
AuPd can be done, a study about the general surface behaviours of the materials has
to be performed to check the applicability of the used algorithm. Therefore, the first
AFM measurements were done by 512 px x 512 px at a scan window of 500 nm x 500 nm.
These measurements do not fulfil the recommendations for the watershed algorithm, for
instance, but the results show how the last step of the growth mode affects the single
islands. The size of these islands has to be analysed. The films are sputtered with their
default parameters excepting the argon pressure, which is set to the lower limit of the
device for getting a continuously grown metallic film. The surfaces, shown in Figure 68
to Figure 70, of these films distinguish from each other, which makes the decision easier
to find the right material for the further analysis procedure.

In general the AFM images show that all films which are made of pure metals seems
to have the tendency to grow together, but they do not form strong boundaries between
the islands. The pure Au film shows this behaviour clearly. Au forms the biggest islands
in comparison to all other films and the surface looks worm-like nucleated islands. A
definition of the size of a single island is not possible with the used algorithm.

W and Ir, are also pure metals, but this does not let assume that they have a worm-like
surface, too. The reason for that is that the island sizes are much smaller than those of
all other materials. The resolution of the AFM is on its limits and the tool is not able to
separate two islands from each other, what leads to areas which look blurred and grown
together. Especially W causes problems for each measurement tool. The HR-SEM and
also TEM are not able to measure a sample which is sputtered with W as high resolved
as for other materials. The same phenomena is now shown in the AFM images. Probably
the built-in oxygen which is found by the EDX investigation of the FIB lamella leads to
such kinds of problems. Therefore, the bondings between the islands are weaker than for
other materials which do not build in oxygen atoms. At the AFM a higher mobility of
the islands would lead to such effects and could be the reason for the big blurred areas
that are shown Figure 69 (left).

Pure Pt is the only exception of the non-alloy materials. It seems that single islands ap-
pear and do not form agglomerates of more than one island, like Au. But a precise look
at the AFM image in Figure 68 (right) exhibits areas which form chains not as long as Au
(with 4 to 5 islands per agglomerate), but also 2 to 3 islands are involved. These chains
of islands falsify the result of the particle analysis.

AuPd and PtPd are both materials which are very often used for sputtering non-conductive
samples for SEM experiments. Obviously, the fraction of Pd causes islands which grow
higher and wider, therefore they form strongly pronounced boundaries between each
one.

A solution for the problem of measuring island dimensions for Ir or W would be a more
precise measurement with the AFM by using a finer or harder/softer needle tip. The
used tip has an diameter of around 5nm, and is called Fastscan C needle with a 300 kHz
resonant frequency. C is assigned to a hardness factor. Every material has another be-
haviour and therefore another type of tips should be used. But this experiment is used
for a fast evaluation of the surfaces to analyse the island diameter with the watershed
algorithm by existing equipment and measurement configuration.
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Figure 68: AFM images of a 10-nanometre-thin Au film (left) and Pt (right) sputtered with param-
eters of Table 13 and an argon pressure of pa, = 8- 1073 mbar.
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Figure 69: AFM images of a 10-nanometre-thin W film (left) and Ir (right) sputtered with param-
eters of Table 13 and an argon pressure of pa, = 81073 mbar.

6 nm

MNoWw A O

Figure 7o: AFM images of a 10-nanometre-thin PtPd sputtered with parameters of Table 13 and
an argon pressure of pa, = 81073 mbar.
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8.3.1  Further Characterisation of PtPd Film

More precise characterisation of PtPd is useful, because the comparison to AuPd can be
made to check whether the variation of the working distance and the current have as
small impact on the dimensions of the islands as AuPd. Another reason is the determi-
nation of the island dimensions. As written in the section before other materials are not
measurable with the used equipment for getting really precise results.

In the case of AuPd, some tests with parameters of the watershed algorithm had to be
made before the particle analysis could start. The optimised parameters are the ones
which lead to the maximal detected islands inside a certain range. The first assumption,
which is shown in Figure 70, is that the islands of PtPd have nearly a similar size but
the height distinguishes between both. Therefore, the size of the droplets keeps still the
same and the amount of droplets varies. The resulting values are depicted in Table 15.

Table 15: Parameters of the watershed algorithm for PtPd films

island location

number of steps 10

drop size 3.71%

threshold 26 px?
separation

number of steps 400

drop size 3.71%

The procedure for the particle analysis for PtPd is equal to the analysis of AuPd. There-
fore, three radii and the height values were evaluated and compared to get an idea how
the shape of the particle is distributed. Additionally, the island radius is also measured
manually. The next step is to find a statistically significant tendency of the radii in respect
of the working distance or the current, if a certain tendency exists, which is associated
with the applied voltage between substrate and target. If there are no tendencies between
the dimensions of the islands and the mentioned sputter parameters, the data is used to
express the mean radius and the mean height of the island over all collected datasets.
The working distance is increased from WD = 30 mm to WD = 90 mm in five steps and
the particle analysis of the results is shown in Table 16.

The result is a bit surprising, a precise look of all values by increasing the working
distance lets assume that there could be a certain tendency, at the evaluation by water-
shed. For instance, the difference of the values of the mean radius between both extrema
at WD = 30mm and WD = 90mm is near 1nm and falls continuously. The watershed
algorithm for this kind of material works better, although all dimensions of the islands
including radius and height are smaller than for AuPd. During the particle analysis with
the watershed algorithm a better separation of islands was noted and a quite good statis-
tic of detected islands was reached.

The ratios between each type of radius are also similar to those of AuPd. This means
that the form of an island does not vary a lot, what is in agreement with the observation
of the PtPd surface by the human eyes. To compare the deformation of the island by
varying the distance of the sample to the target, the average value of all three radii ¥
is taken because the real island radius has to lie anywhere in between. Of course, the
error which occurs through the arithmetic operation is around 1.4nm, but the shapes
of the islands are also not constant. Besides the irregular form of the islands, an error
of the measurement method has to be also considered and is included in this quantity.
However, the analysis method and also the measurement technique are on their possible
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Table 16: Resulting island dimensions of a continuously grown PtPd film by variation of the
working distance

current 35 mA argon pressure  8e — 3 mbar thickness 10 nm
WD / mm  Tmean, wat / MM Trin, cire / DM Trmax, insc Tmean,man = AT / nm
30 5.9 8.0 3.9 46+1.6
45 54 7.3 3.7 44+12
60 5.2 7.1 3.6 44413
75 5.0 6.7 34 41415
20 5.1 7.1 3.3 44415
WD /mm Rq+ARq/nm Rz=+ARz /nm
30 0.17£0.02 0.9+0.1
45 0.21+£0.02 1.1+0.1
60 0.22+0.03 1.1+0.1
75 0.22+£0.02 1.2£0.1
20 0.22+0.02 1.2+0.1
Tmean, wat (54 +£04)nm
Tmean, man (44 +£14)nm
Ra,mean (0.21 £0.02) nm
RZ mean (1.1+£0.1)nm

limits and a variation of the radius which is less than 1nm can not be determined pre-
cisely to specify a radius per working distance with an error less than a half nanometre,
which corresponds to the length of one pixel. Out of the particle analysis by watershed, a
certain tendency can be determined, even if the error is quite big, but the measurements
of the island radius which are done manually, do not confirm this behaviour. Dimensions
of about 1 nm would also observable by manual measurements.

The comparison between AuPd (blue graph) and PtPd (green graph), which island
sizes are evaluated by watershed and manually, is shown in Figure 71. The increasing of
the working distance shows that there could be a tendency. But due to the fact that the
error is much higher than the less pronounced negative slope, the resulting data is used
to express an averaged mean radius of the islands for PtPd.

Besides the evaluation of the island radius, the comparison between the evolution of the
height by variation of the WD seems to be quite constant and no tendency can be ob-
served.

In summary, PtPd forms smaller islands as AuPd and the influence of the working dis-
tance looks like the same.

Exactly the same experiment was performed for a PtPd film by variation of the sput-
ter current. The compared values are shown in Figure 72. The data of the PtPd film is
depicted in Table 17.

During the particle analysis two datasets are noticed through a worse amount of de-
tected islands than during the other AFM images, especially the data of I = 90 mA for
the values of I = 115 mA for PtPd. They rapidly fall down of around 1 nanometre is
probably caused from bad statistics and should not be identified as a significant change
of the island radius.

First of all, the comparison of the results seems to be a slightly increasing behaviour of
the island radius by increasing the current (evaluated by watershed) for a continuously
grown AuPd film, whereas the behaviour of the island height is quite constant inde-
pendent from the sputtering material. But this behaviour could not be detected by the
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Figure 71: Results, shown in graphs, of the particle analysis of AuPd (values from Table 11) and
PtPd. The left graph shows the comparison between the mean radius of the islands and
the right graph depicts the height distribution. The error for the determination of the
mean radius by watershed is estimated with 1 pixel and corresponds to Armean,wat =
0.5nm, the error of the manual measurement is Armean,man = 1.7 nm. Furthermore
the error of the height is estimated with ARz oypq = 10 %, which is in accordance to
the calibration error of the height detection of the AFM and the error of roughness
measurement.

Table 17: Resulting island dimensions of a continuously grown PtPd film by variation of the

current
Working distance 50 mm argon pressure  8e — 3 mbar thickness 10 nm
[/ mA Tmean, wat / MM Tin, circ / DM Tmax, insc Tmean,man = AT / nm
15 6.5 9.5 3.9 52+£15
40 6.2 9.2 3.7 55+1.6
65 6.4 9.0 3.6 51+17
20 5.3 7.6 34 53+1.6
115 5.8 8.2 3.3 55£1.5
I/ mA Ra+ARq /nm Rz £ARz / nm
15 0.16+£0.03 0.7+0.1
40 0.14+£0.02 0.7+0.1
65 0.15+0.02 0.7£0.1
20 0.16 £0.02 0.8+0.1
115 0.16 £0.02 0.8+0.1
Tmean, wat (6.1 £0.5)nm
Tmean, man (5.3+1.6)nm
Ra,mean (0.15£0.02) nm
RZ mean (0.7£0.1)nm

manual measurements.
As written before, the interpretation of data with such kind of errors is more or less
a hypothesis than an exact physical observation, therefore the data is used to express
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Figure 72: Results, shown in graphs, of the particle analysis of AuPd (values from Table 12) and
PtPd. The left graph shows the comparison between the mean radius of the islands and
at the right graph depicts the height distribution. The error for the determination of the
mean radius by watershed is estimated with 1 pixel and corresponds to ATmean,wat =
0.5nm, the error of the manual measurement is Armean,man = 1.6nm. Furthermore
the error of the height is estimated with ARz oypq = 10 %, which is in accordance to
the calibration error of the height detection of the AFM and the error of roughness
measurement.

an averaged island size, again. The averaged mean values by variation of the working
distance for PtPd amounts to

Tmean, Ptpd = (4.9 £1.5)nm and Rz mean, ptpg = (1.1 £0.1)nm, (21)

and the mean values for the variation of the current are

Tmean, Ptpd = (5.7 £ 1.6) nm and Rz mean, ptpa = (0.7 £ 0.1) nm. (22)

Table 18: Overview of all mean island radii and mean height from different materials

Material  Tmean, man / DM Rgq £ARq /nm Rz £ ARz / nm

Au 13.5 0.74 £0.08 3.7+04
\W 8.3 0.14£0.03 0.7+£0.1
Pt 5.9 0.37 £0.07 1.6+0.1
AuPd 57 0.24 £0.03 1.3+0.1
ptPd 53 0.18 £0.02 0.9+0.1
Ir 4.2 0.20 £0.04 0.7+£0.1

A further point of the limits of this method has to be noticed, too. The detection of
the particles works quite good, when the AFM topography leads to an adequate quality
of the image. No effect of the sputter parameters current and working distance could be
identified to a change of the island dimensions. Probably this parameters would have an
effect, but it was not measurable with the present methods. Nevertheless, manual mea-
surements of the island radius were performed for all other targets except chromium and
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aluminium and also height distribution of this materials was done to get a ranking of the
material sorted by the island radius. The values are depicted in Table 18. The comparison
shows that the materials with the smallest radii are PtPd and Ir. From iridium is known
that the islands are very small, but it is a surprise that PtPd forms islands with similar
dimensions. Besides the evaluation of the radii, the height of these islands plays an im-
portant role, especially at applications of such thin film for HR-SEM. The topographical
image of a surface depends on the height distribution strongly. Therefore, the best ma-

terial for HR-SEM is iridium, because it forms islands with very small heights and the
radii.



Part II1

CONCLUSION






IMPROVING OF THE SURFACE OF METALLIC THIN FILMS BY
REDUCING MICRO-STRUCTURES

The starting situations showed a highly structured metallic thin film with deep ditches
generated by a DC magnetron sputter coater. A systematic variation of single parameter
leads to a big improvement of the film surface. The leading parameter which causes the
main improvement is the argon pressure inside the chamber of the sputter coater. A low
argon atmosphere, lower than 1-1072 mbar, leads to a surface which is completely free of
ditches. The critical argon pressure is almost material independent - the only exception
forms tungsten, which has a critical argon pressure of 2 - 10~2 mbar. But this deviation
can be neglected due to the fact that the error of the pressure measuring unit is around
30 %.

There are two explanations why the low argon pressure leads to this result. First, a low
argon pressure reduces the thermalisation process of the ejected target atom from the
solid material to the sample surface. These lower number of argon atoms leads to less
collisions with the target atoms which means that the kinetic energy of the target atoms
cannot be transferred to other particles. The atom of the target material impinges the
surface with much more energy as it would have at a higher argon pressure. Besides
dependencies of temperature, diffusion processes are also correlated to the energies of
the particles. And if the energy of the particles is high enough, a three dimensional dif-
fusion is possible. The barrier which has to be achieved to move outside of a plain is
called Ehrlich-Schwoebel-barrier [13] and would explain why adatoms cannot be found
in ditches during the film growth investigations of Chapter 6 sputtered at high argon
pressure.

Besides the transfer of energy to the argon atoms, less collisions also lead to a less scat-
tering angle. This causes a highly directed flow of target atoms down to the substrate.
Figure Figure 73 (left) shows the TEM image of a thin AuPd film which is sputtered by
default conditions.

cross-section of ditch

thin
film

substrate

Figure 73: TEM image of Chapter 6 where the film growth was observed (left) and a cross-section
of the ditches where the critical half angle is depicted (right)
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No clusters of adatoms could be found inside the ditch, which depth is approximately
the thickness of the film because the TEM investigations showed that ditches appear
from the beginning of the film growth. Simple trigonometry calculation shows that a
certain angle is necessary for getting target atoms inside the ditch, which is shown in
Figure 73 (right). Therefore, diffusively moving target atoms exceed this angle and the
ditches cannot be closed. Otherwise, atoms which move in straight trajectories to the
sample can arrive the bottom of the ditch easier.

Both theories are plausible and probably both effects affect the resulting thin film surface,
but it was not possible to prefer one of these.

Out of all information which were collected in the experiments within this thesis, an
optimised set of parameters for the sputter coater can be found to produce a smooth
and featureless surface for high resolution scanning electron microscopy depending on
the type of the sample. AFM investigations in Chapter 7 and Chapter 8 show the mean
island radius and the mean height of two different materials AuPd and PtPd.

Tmean,AuPd = (57 +1 5) nm, RZ,mean,AuPcl = (] 3£0.1 ) nm (23)

Tmean,PtPd = (5.3 +£1.5)nm, RZ,mean,Pth = (0.9 £0.1)nm (24)

The values are calculated from the average of all collected data got from the AFM im-
ages. The quantification of the islands was done by the watershed algorithm which is
obviously on its limits. Additionally, manual measurements of islands were performed
to check the correctness of the data. An error of 0.5nm by watershed is the accuracy of
measuring a single radius and is assigned to the size of one pixel. But a greater error
of 1.5nm is estimated to include small distortion of the islands during the measurement
and the detection of clustered islands.

A such small distortion cannot be identified by the human eyes, just the 2D-ACF in Fig-
ure 60 lets assume, that the measurements underlie a very small drift. The separation of
a single island is quite difficult for the method by this pixelsize of 0.5 nm, but lower pixel-
sizes are not applicable due to the increasing drift effects during the scan. Therefore, no
certain tendency could be found. The influence of the working distance and the current
is depicted in Figure 71 and Figure 72 for two different materials.

The watershed algorithm was not applicable to the other materials, therefore the island
dimensions are measured manually and tabulated in Table 18. Besides the island radius,
the height information is of special interest, too, because the topographical contrast of
the SEM depends mainly on the height distribution of the observed surface.

Hence, the best material for SEM is the one with the lowest island radius and the lowest
height to get a thin film which structure does not influence the topography of the sam-
ple. This film is just responsible for preventing the charging effect by making the sample
conductive and for generation of secondary electrons, especially for surface investigation
by HR-SEM.

Besides decreasing the argon pressure, Figure 71 and Figure 72 show that the island
size is not affected by the current and the working distance. Therefore to minimise the
structure, another material has to be chosen. Out of the island dimensions which are
tabulated in Table 18 for each material, the best material for HR-SEM is iridium because
it has the smallest island size and also a very low mean value of the island height, which
corresponds to the smoothest surface which is obtainable. Chromium and aluminium
are not verified because these materials are very sensitive for oxidations. Therefore, no
precise measurements were possible without vacuum, especially during the AFM mea-
surements.
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Now, the optimal sputter settings can be generated due to all informations of this work.
The recommended settings for featureless thin films are tabulated in Table 19.

Table 19: Optimised sputter parameter of thin films for HR-SEM
Material pay / mbar WD /mm I/ mA

Au <1102 30-—-100 >15
Pt <1102 30—100 >15
AuPd <1102 30—100 >15
PtPd <1-1072  30—-100 > 15
Ir <1102 30—100 > 80
W <1102 30—100 > 90
Al <1-1072  30—100 > 100
Cr <1102 30—100 > 110
The argon pressure has to be lower than the critical argon pressure of per = 1-

10~2 mbar, the working distance depends on the sample and the current is specific for
the used material. Especially, the working distance depends on the temperature impact
on the sample. In Chapter 4 it is shown that the working distance has the most influence
of the temperature impact on the sample. Therefore, big working distances have to be
used for highly temperature-sensitive samples. If the temperature impact is not impor-

WD=62mm Width=1143pm  1pm u77104.if
EHT = 500 kV Detector = InLens with planetary drive stage |without planetary drive stage FELMI-ZFE-GRAZ

Figure 74: HR-SEM image of a highly structured sample (calcium carbonate) sputtered with plan-
etary drive stage (left) and without planetary drive stage (right).

tant, low working distances can be used. This increases the sputtering rate slightly. But
if the time of the sputter process is of special interest, the sputter current has to be var-
ied. The current increases the sputtering rate drastically. A too low adjusted sputtering
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current leads to an unstable sputter process, due the secondary electron emission and
also the target emission depend on the binding energy of the surface atoms of the target
material. If the sputtering current is higher than the minimal current which is depicted
in Table 19 the resulting plasma is stabilised during the whole sputter process. The sput-
ter current cannot be increased to its upper limits because it influences the temperature
impact on the surface of the sample and the temperature at the target material increases,
too.

As written before, the argon pressure leads to a higher directed trajectory of the tar-
get atoms. This causes a continuously grown metallic film, but if a highly structured
sample has to be sputtered, the film does not get homogeneously distributed along the
whole film surface. An example is shown in Figure 74. A sample of calcium carbonate is
sputtered by a 10-nanometre-thin film of AuPd, with the recommended parameters of Ta-
ble 19. Due to the low argon pressure and the resulting low scattering angle of the target
atoms, charging artefacts occur during the investigations by HR-SEM (Figure 74 (right)).
Especially, the In-Lens detector is used to be sensitive for charging artefacts. To prevent
this effect, the thin film is sputtered with a planetary drive stage. Besides the rotation
around its own centre, this stage consists of six smaller stages, which are called planets,
and rotate around their own centres, but in the reverse direction. In Figure 74 (left) the
same material is sputtered by this stage where the additional rotational movements in-
crease the homogeneously coverage of the surface to reach also a higher conductivity and
a decreasing of the charging effects occurs. Therefore, also highly structured samples can
be sputtered by the Leica DC magnetron sputter coater and can be used for HR-SEM.
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