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Abstract

The major contribution to power consumption in microelectronic devices is due

to the internal resistance of interfaces and conducting wires. Metallic thin film

deposition is used to create such wires and interconnects, but has some disad-

vantages. Wth the help of novel processing routines, the performance of metallic

conductive pathways can be greatly improved.

The goal of this study is to investigate the influence of the microstructure –

especially the grain size and thin film morphology – on the electrical conductivity

of thin metal films and how their impacts change in response to heat treatment.

A thin metal film is deposited onto an isolating substrate and the grain size, as

well as the resistivity is measured in the as deposited state. Several samples are

then heated to different temperatures and investigated in regards to their grain

size, grain orientation, area coverage and resistivity. The results are correlated

and an optimal heating duration is determined.

To get an in situ insight into the microstructure during heating, a program

was developed to measure, record and display the change in resistance while heat-

ing. The heating process was recorded using a light microscope and the thin films

were analysed ex situ with electron microscopy after heat treatment. Grain sizes

were measured using the line intersect method on images taken via electron mi-

croscopy, grain orientation was determined using electron backscatter diffraction,

the area coverage was calculated from the recorded in situ light microscopy video,

and the resistivity was measured with a four point measurement before and after

heating. These measures were analysed with regard to their influence on conduc-

tivity. The highest impact is contributed by the interplay between grain growth

and dewetting. An optimum in conductivity is formed between the two extremes

of a thin film with small grains and a high resistivity due to grain boundary scat-

tering and a dewetted thin film consisting of monocrystalline, but disconnected

particles. This was proven with our measurements and shows that an improve-

ment in resistance is achievable for thin metal films with a simple heat treatment,

reducing the loss of energy in the conductive pathways of micro electronics. More
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research could also enable an easy way to manufacture transparent electrodes

by controlling the dewetting process more precisely, forming a percolated, but

transparent network of metal bridges instead of isolated particles after heating.
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1 Introduction

Thin metal films are used in a wide range of applications today, as functional ma-

terials, such as ferroelectric materials in high frequency electronics [1], actuators

in micro-electro-mechanical systems [2] or chemical sensors [3], as conductors in

microelectronics and as transparent conductive electrodes in solar cells [4,5,6,7,8].

As such, the study of thin metal films can improve performance or longevity

of these devices. Due to their large surface area when compared to their volume,

thin films tend to form particles at temperatures well below the melting point

of the bulk material. This phenomenon is called solid-state dewetting [9] and

can lead to device failure during manufacturing or operation of a device that

incorporates such thin films. However, elevated temperatures also lead to grain

growth, which in turn improves the electrical conductivity [10, 11]. If the heat

treatment is well controlled however, it can improve the conductivity and alter the

thin film morphology. To optimize the conductivity of thin films it is therefore of

interest to find the best heat treatment to reach this conductivity without making

the thin film discontinuous, or – in the case of a transparent conductive electrode

– to find the right tradeoff between conductivity [12] and transmissivity [13].

The dewetting process during heat treatment is analyzed with in situ light

microscopy and correlative, ex situ scanning electron microscopy is used to study

the grain size of the area imaged with the light microscope. To complete the study,

transmission electron microscopy provides a close look at the microstructure,

which reveals defects like twin grain boundaries after heat treatment. Moreover,

correlative in situ electrical measurements are used to study the relationship

between electrical behavior and grain size of the thin gold films and an in situ

measurement setup for conductivity changes during heating is established.

Using this setup of in situ and correlative microscopy methods, the interplay

of the different factors is studied and the thin film is optimized in regard to its

conductivity. The best grain size is determined for a chosen thin film thickness

and heat treatment.
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A representation of the workflow is summarized in figure 1.1. To get a reference

value before heat treatment of the deposited metal layer, the conductivity of the

sample is determined via four point measurement. During heat treatment in the

light microscopy stage, the in situ two point setup is used to display and analyse

the relative conductivity changes. After the heating process a four point measure-

ment is performed again. The combination of the different measurements allows

for an overall characterisation and comparison of the electrical data. Addition-

ally, correlative electron microscopy is used to complement the microstructural

analysis.
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Figure 1.1: Workflow of this thesis. A thin gold film was deposited and studied in regards

to its resistivity. After heating to a certain temperature, the layer is quickly cooled off

and the grain size, grain orientation, area coverage, and resistivity are determined.
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2 Background

In this chapter the theoretical background will be explained. An overview of

percolation theory will be given and the mechanisms behind solid state dewetting

are explained. After a short look at the method used to deposit the thin gold

films that are studied in this work, different electrical measurement techniques

are explained.

2.1 Percolation theory - conductive pathways

In order to conduct electricity between two points in a conductive thin film on

an isolating substrate a path needs to exist between those two points to allow

charge carriers to flow through. When the thin film is continuous with no holes,

the electrons are free to move and the thin film is conductive. When the free

movement is restricted – e.g. by a change in the morphology of the thin film – the

conductivity decreases. With increasing hole density and hole size a point will be

reached at which no conductive path exists and therefore the thin film will become

non-conductive. To prevent the sudden loss of conductivity due to depercolation

it is important to quantify the effect of hole growth on the electrical properties

and to determine how much area needs to be covered in order to optimize the

thin film for good conductivity.

This is the topic of Percolation Theory [14]. A modern use case is the study of

conductive pathways in electrical devices. Next to thin films this topic is also in-

teresting for electrodes made of different materials, e.g. metal nanowires [6,15,16].

The trade off between conductivity and transmissivity is an important balance

to strike, in order to construct the most efficient electrode possible. An example

of a conductive, percolated film and a discontinuous, non-conductive film can

be seen in figure 2.1. The top row shows ex situ electron microscopy images of

a heated film, the bottom row shows the corresponding schematic. The images

follow the development from a continuous, conductive film (image 2.1(a)) to a

discontinuous, non-conductive state (image 2.1(c)).
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Figure 2.1: Example of a conductive, percolated film on the left and a non-conductive,

non continuous film on the right. Bottom figures show the schematic development of

the thin film during heating, the blue arrow illustrates the loss of conductivity. The top

images are experimental images, taken with a Scanning Electron Microscope after heat

treatment.

2.2 Solid-state dewetting

Wetting is the process of a substance covering the surface of another struc-

ture [17, 18]. Dewetting describes the exact opposite process, when a continuous

film breaks up and no longer covers the full surface. While the process of dewet-

ting is usually known for a liquid on a solid surface, when it comes to nanometer

sized structures this phenomenon can also be seen with solid thin films on a

solid surface [9]. If the temperature is sufficiently high to allow for long distance

material migration [19, 20] the thin film will transform into small particles, even

at temperatures below its melting point. Since the dewetting material is a solid

rather than a liquid, the process is called solid-state dewetting. A sketch of that

process can be seen in figure 2.2(a). Images below show the corresponding light

microscopy (figure 2.2(b)) and electron microscopy (figure 2.2(c)) images. The
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images depict the development from the continuous film on the left, to a partially

continuous, partially dewetted layer in the center and the fully dewetted particles

on the underlying substrate on the right.

Figure 2.2: (a): Sketch of the dewetting process [9]. Example images of the dewetting

process of a 20 nm thin gold film on a silicon oxide substrate are displayed underneath.

(b): The process as seen under the light microscope. (c): Scanning electron microscopy

images of the changing thin film morphology during dewetting.

The driving force behind this phenomenon is the surface energy of the thin

film as well as the interfacial energy between the cover and the substrate. The

higher the surface energy, the less stable the film [9].

On a continuous film the process of dewetting begins with the formation of

holes. In a polycrystalline material the atoms at grain boundaries have a higher

energy than those within grains. When the thin film is heated to high tempera-

tures those atoms diffuse away from the energetically unfavorable places at grain
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boundaries and move to and along the interfaces of the film [9].

The movement of atoms away from grain boundary junctions and other high

energy positions causes local thinning of the thin film. If enough material is moved

away, a hole is formed. Material is further transported away from the hole due

to the curvature at the edge. Capillary forces deform the film material further,

causing the hole to grow. Due to capillary instabilities the retracting edge forms

a rim which will eventually be separated from the continuous thin film [21] and

leave isolated particles on the substrate [9, 22].

2.3 Electron beam physical vapor deposition process

There are two general ways to create nanoscale materials: bottom up and top

down [23]. A top down process begins with a large piece of material that is treated

to break up into smaller pieces repeatedly until the desired size is reached, while

the bottom up process builds up the nanomaterial from atoms or molecules.

The bottom up process is advantageous for thin film development because

it enables covering a large surface and at the same time gives fine control over

the thickness and structure of the deposited material. Several types of bottom

up processes are available for thin film development, like Atomic Layer Deposi-

tion [24] and Sputter Deposition [25]. For this project an Electron Beam Physical

Vapor Deposition (E-Beam PVD) method was used [26].

A sketch of the system can be seen in figure 2.3. The E-Beam PVD works by

heating the material that is to be deposited, using an electron beam to introduce

energy. In the vacuum chamber the material is free to evaporate and is not stopped

by gas molecules on its way away from the source. It is then deposited on the

substrate that is positioned opposite of the crucible.

The E-Beam PVD was chosen for this work due to the fine grain structure

that is produced in the process. This makes it possible to study the development

of grain growth during the following heating experiments. Additionally, the thin

films are continuous at a very low film thickness and a minimal surface roughness

increases the conductivity of thin films [27,28,29].
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Figure 2.3: Sketch of an Electron Beam Physical Vapor Deposition system. The source

material is heated by bombardment with highly energetic electrons. The evaporated ma-

terial condenses on the substrate placed above [26].

2.4 Electrical measurement

Electrical conductivity is an important material property for many applications,

as it determines the amount of energy lost as heat when conducting electricity

through that material. To determine the electrical resistance of a material UI

curves are required. For this measurement current is passed through the sample

and both the current I and the voltage U are recorded. According to Ohm’s law

the resistance is then given via equation 2.1 [30]. This assumes a steady state of

electron flow and the resistance to be constant – in regards to the applied voltage,

applied current and for the duration of the measurement. If the resistance is not

constant, either with regards to the applied voltage, to the forced current, or if

a measurement is performed for longer periods of time, a modified version of the

equation has to be used [31]. The derived version can be seen in equation 2.2 and

is called differential resistance.
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R =
U

I
(2.1)

Rdiff =
dU

dI
(2.2)

where :

R = resistance

U = voltage

I = current

Rdiff = resistance at a certain point on the voltage-current plot

dU = a small change in the applied voltage

dI = a small change in the measured current flow

The principle setup for a resistance measurement can be seen in figure 2.4(a),

which shows the two probes contacting the sample. A voltage is applied trough the

probes and the current measured. This method is called a two point measurement

and is the simplest way to measure resistance. It has one significant drawback

because the resistance of the probes, the contact resistance between probes and

sample, and the resistance of the wires to and from the measurement device are

also included in the measurement. This setup is therefore inadequate to measure

small resistances accurately. However, for in situ techniques the relative change

in resistance can be easily measured with this method.

One way to work around that restriction is the the four point measurement.

It uses four contact points instead of two. According to Ohm’s law, a conductive

material that is in a steady state of current flow only shows a drop in voltage

if current is flowing between the two points of measurement. When only two

probes are available to contact the sample, the current runs through the two tips

that also measure the voltage and the aforementioned parasitic resistances are

therefore always included in the measurement. With four probes it is possible to

use two to force current through the sample and use the other two to measure

the voltage drop that occurs due to this current. The contacts of the voltage
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Figure 2.4: Sketch of the measurement setup for (a): a two point measurement on the

left and (b): a four point measurement on the right. The two point measurement will

always be influenced by the resistance of the wires used to contact the thin film, as well

as the resistance of the contacts themselves. The four point measurement circumvents

this by not sending any current through the wires that are used to measure the voltage

drop.

Figure 2.5: Realistic example of the probe placement on a wafer. Contacts 1 and 4 are

used to pass current through the thin film, contacts 2 and 3 are used to measure the

drop in voltage between them. The distances r12, r13, r24, r34 are used to calculate the

correction factor when the probes are not placed perfectly equidistant in one line.
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sensing wires and the wires themselves do not carry any current and therefore

are not contributing to the measured drop in voltage. This allows the precise

measurement of very small resistances.

To use the four point method, the probes are placed in a straight line on

the sample as seen in figure 2.4(b). Current is passed through the two outermost

points 1 and 4, and the voltage is measured between the inner two probes 2 and 3.

If the probes are placed in a perfectly straight line and the sample is suffi-

ciently large compared to the probe spacing [32], the resistance of the sample can

be calculated according to equation 2.3 [33].

ρ =
U

I
· π

ln 2
· t (2.3)

where :

ρ = resistivity

U = voltage

I = current

t = film thickness

Such a perfect placement is difficult to do by hand, however. Figure 2.5 shows

a realistic placement of the contact points. The red points 1 and 4 show the points

where current is forced through the sample, blue points 2 and 3 show where the

voltage drop is measured on the sample. Distances between two points A and B

are marked by rAB and are required to calculate the resistivity with such a probe

placement.

If the probes are not placed in a perfectly straight line, equation 2.3 is ex-

panded to equation 2.4 to correct for the difference in voltage drop across the two

voltage sensing probes [33]. When the spacing of the probes is of the same order

of magnitude as the wafer dimensions, an additional geometric correction factor

is introduced. Experimental correction factors are available in literature [34].
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ρ =
U

I
· 2π

ln r31r24
r34r21

· t · C(shape) (2.4)

where :

rAB = distance between points A and B

C(shape) = correction factor for thin film shape, found in literature

The equations discussed above all result in a value for the measured resistivity.

Another often used measurement is the resistance or, when discussing transparent

electrodes, the sheet resistance. The relation between resistance, resistivity and

sheet resistance is shown in equation 2.5.

R = Rsq ·
l

w
= ρ · l

wt
(2.5)

where :

R = resistance

Rsq = sheet resistance

ρ = resistivity

l = length of the layer between probes

w = width of the layer between probes

t = thickness of the layer

As can be seen there are different ways to measure the resistivity of thin

films. A four point measurement determines the exact value and a two point

measurement can offer insight to in situ resistance changes during morphology

development of the thin film. In this work the four point method was used to de-

termine the exact resistivity of the deposited thin film and the two point method

was used to perform an in situ resistance measurement. The combination of both

allows for a precise characterization of the electrical properties of the thin film.
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3 Methods

In order to study the development of thin film morphology during heating, several

imaging techniques were used. The phenomenon of dewetting during heating was

studied in situ in a light microscope. Both brightfield and transmission modes

were used to image the changing thin film morphology. While the film was heated

under the microscope the electrical resistance was measured. At different stages

the heating was interrupted and the sample cooled down quickly to analyse the

grain structure in a scanning electron microscope (SEM) and a transmission elec-

tron microscope (TEM). This allows for the study of a certain region of interest

in regards to several properties, like grain size evolution and changing electrical

resistance as well as macro- and microscale structure. The results were correlated,

with a special focus on the influence of grain size and thin film morphology on

the electrical resistance during heating.

3.1 Light microscopy

The light microscope is a fundamental tool used in science. A set of lenses re-

fract the beam and following geometric rules the image becomes magnified. Since

the image is constructed with light in the visible part of the electromagnetic

spectrum, it can be seen directly with one’s own eyes or a regular camera. A

sketch of a simple lens configuration can be seen in figure 3.1 [35]. Reflection

mode (figure 3.1(b)) illuminates the sample from above and creates contrast by

light scattering on the surface of the sample, allowing this mode to be used for

bulk samples. In transmission mode (figure 3.1(a)) the sample is illuminated

from below and light has to pass trough the material to reach the objective lens.

Contrast is created by light attenuation and a transparent sample is required for

this type of imaging. Both types of imaging were used in this work.

When light passes through an aperture or a lens, the light rays are diffracted

and create an interference pattern. This leads to a small, concrete point being

displayed as an Airy disk, where the representation of the object in the image



3 Methods 14

Figure 3.1: Example sketch of the lenses in a light microscope. The Microscope is

sketched in black, lenses are displayed in blue and the path of light from the light source

to the eyes is shown in orange and red (adapted from [35]). (a): The left setup works

with light that is reflected from the sample towards the objective lens. (b): On the right

the configuration of light source and lenses is set for transition mode. Here the light has

to pass through the sample to reach the objective lens.

plane is displayed as a bright center spot, lined with concentric rings. This bright

area around the center spot can interfere with other nearby objects that are

projected onto the image plane. An example of Airy disks around two objects, as

well as the intensity profile along the line trough both center spots can be seen

in figure 3.2. The distance decreases from figure 3.2(a), where the two points are

easily distinguishable, to figure 3.2(c), where the two spots appear as a single

one. If non-circular apertures or lenses are used, the diffraction pattern no longer

forms concentric rings.

In order to differentiate two points in the image, their central spots must not

overlap. The maximum resolution possible with this restriction in mind is defined

by the Rayleigh criterion as shown in equation 3.1, where the minimal resolvable

distance is defined as the radius of the Airy disk rAiry [37].
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Figure 3.2: Diffraction patterns of two points. The top row shows the light intensity

across a line profile in the image, the bottom row shows images of the corresponding

Airy disks. (a): The points are separated and can be resolved individually. (b): The two

Airy disks overlap such that the maxima of one is on the minimum of the other. They

are at the limit of what can be resolved according to the Rayleigh criterion. (c): The

points are together close enough such that they are no longer distinguishable [36].

rAiry = 0.61
λ

sinα
(3.1)

where :

rAiry = radius of the projected Airy disk

λ = wavelength of the light used to image the sample

α = half the angle of convergence

The same formula can be reached with other assumptions in mind. Abbe

defined the resolution limit, based on the two slit experiment, to be reached
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when there are no longer two local maxima reaching the screen, or in the case of

a microscope, the objective lens. The first maximum after the center ray is defined

by equation 3.2. This would result in a resolution limit as shown in equation 3.3.

If only one of the two maxima to both sides of the center beam has to hit the

lens however, the angle between the center spot and the first maximum can

increase and the resulting equation 3.4 defines a limit similar to the one defined

by Rayleigh [37].

sinα =
λ

d
(3.2)

d ≥ λ

sinα
(3.3)

d ≥ λ

2 · sinα
(3.4)

where :

d = minimum distance between two points below

which they are not distinctly resolvable

An additional limiting factor is the refractive index of the medium between

the objective lens and the specimen. It inversely affects the resolution limit and

can be increased by immersing the sample in oil. The maximum resolution is then

defined by equation 3.5.

d ≥ λ

2·n · sinα
=

λ

2·NA
(3.5)

where :

n = index of refraction between the sample and the objective lens

NA = numerical aperture of the objective lens

The resolution therefore depends on the wavelength, the angle of convergence

and the index of refraction between the lens and the sample. The part of the

electromagnetic spectrum that is visible with the naked eye is limited and the
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index of refraction can be varied, but only within limits. The angle of convergence

can be changed by moving the lens closer to the sample or by using a larger

lens. However, this is limited to a half angle of 90◦. It also incurs a penalty in

that the depth of focus decreases with an increasing angle of convergence. This

makes it necessary to find a compromise between influence on resolution, depth

of sharpness and working distance.

Errors can also be introduced by imperfect shapes of the lenses – called spher-

ical aberration – as well as by the difference in the index of refraction of the lens

material for different wavelengths – called chromatic aberration. This limits the

resolution in both light microscopy as well as electron microscopy.

3.1.1 Contrast: brightfield and darkfield

There are several imaging modes available in a light microscope. Two basic ones

are brightfield and darkfield imaging. A sketch of the path that light will travel in

these configurations of a microscope can be seen in figure 3.3(c) and figure 3.3(d),

respectively. In brightfield imaging the image is taken from the same direction

from which the sample is illuminated. This leads to a picture that is bright when

there is no sample deflecting the light and dark whenever there are shapes that

do not scatter the light, but let it pass or reflect it away from the objective lens.

In darkfield imaging the opposite is true: without any sample in front of the

objective, the image will be dark. If there is a sample that scatters the light or

reflects it towards the objective lens, there will be a bright spot on the sensor.

This can help to see shapes and sizes better as a clearer contrast is created.

Figure 3.3(a) shows a brightfield and figure 3.3(b) a darkfield image of gold

particles on silicon oxide. The brightfield image shows the blue color of the silicon

oxide substrate and the particles appear darker as they reflect the light away from

the objective lens. In darkfield mode the edges of the particles appear bright as

they reflect and scatter the light towards the objective lens and the substrate

appears dark.
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Figure 3.3: An example of brightfield ((a)) and darkfield ((b)) microscopy. In bright-

field mode, the substrate is bright and the particles appear as dark or golden spots, de-

pending on how they reflect the light. The darkfield image shows the particles as bright

parts against the black substrate. A sketch of the path of light in brightfield mode ((c))

and darkfield mode ((d)) can be seen below. In brightfield mode, the reflected light is

responsible for most of the brightness on the sensor. In darkfield microscopy scattered

light creates the image (figure adapted from [38]).

3.1.2 Heating stage: TS1200 with electrical contacts

In order to measure the resistance of the sample during heating a Linkam TS1200E

heating stage was used. This allows for precise temperature control while imag-
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ing and has two contacts to measure the resistance of the sample. It is able to

heat the crucible to temperatures of up to 1200 ◦C with a temperature stability

of 1 ◦C and a maximum cooling and heating rate of 200 ◦C per minute. It enables

both brightfield and darkfield as well as transmission mode imaging. Gas inlets

and outlets allow precise control of the composition of the atmosphere around

the sample. The stage requires the use of microscope objective lenses with a

particularly long working distance of at least 8.6 mm and a maximum angle of

convergence of 11.3◦ if the sample is not placed at an elevated position in the

crucible [39].

The resistance of the sample was measured during heating using the two

contacts in the heating stage. The resistivity was determined after heat treatment

with a four point measurement, so that the in situ measured change of resistance

could be correlated with the absolute value of the thin film resistivity.

A picture of the stage is shown in figure 3.4, along with a sketch of a sample

prepared for heating as well as a schematic that shows the long working distance

required for this heating stage.
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Figure 3.4: The TS1200E heating stage used for the experiments. (a): Picture of the

heating stage with labeled connections. (b): Sketch of the setup for an experiment. The

sample is placed in the heating crucible and connected with gold wires to the electrical

connector. Contact paste is applied to the wires and thin film to decrease parasitic

contact resistance. (c): Sketch of the heating stage from the side. The construction

requires the use of a microscope with a long working distance of at least 8.6mm [39].
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3.2 Scanning Electron Microscopy

A scanning electron microscope uses electrons instead of photons to image a

sample. The part of the electromagnetic spectrum that can be used in light mi-

croscopy is limited. While there are several methods that improve the resolution

beyond the size that is can be resolved according to Abbe (equation 3.4) and

Rayleigh (equation 3.1), the wavelength is limiting the resolution. The advantage

of using electrons instead of visible light like in the light microscope, is that the

wavelength of the electrons can be controlled by the acceleration voltage. This

enables the SEM to reduce the wavelength of the accelerated particles and in-

crease the resolution. While the wavelength of the accelerated electrons can be

reduced to the size of atoms, other effects emerge that limit the resolution or

practicality of using higher energies.

Figure 3.5: Configuration of a Scanning Electron Microscope [40]. On the right the

microscope used in this work, a FEI Helios Nanolab 660 dualbeam FIB/SEM [41] can

be seen.
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The SEM consists of an electron source that emits and accelerates electrons,

electromagnetic or electrostatic lenses that focus the source to a point, and scan-

ning coils to direct the electron beam to different points on the sample. The image

is captured by scanning the beam across the sample and measuring the response

with different detectors. The strength of the response at a point determines the

brightness of the pixel in that place. A sketch of the arrangement of these parts

can be seen in figure 3.5. The microscope used in this work, a FEI Helios Nanolab

660 dualbeam FIB/SEM [41] is also shown. It features an additional Focused Ion

Beam (FIB) that can be used to remove or deposit material at microscopic scales.

Due to the particle/wave duality of small particles the wavelength of an ac-

celerated electron can be calculated with equation 3.6 [42]. For sufficiently high

acceleration voltages the volume of interaction determines the size of the smallest

resolved distance.

λ =
h

p
=

h

m · v
=

h√
2m0E(1 + E

2m0c2
)

(3.6)

where :

λ = wavelength of the accelerated particle

h = Planck’s constant

p = relativistic momentum of the particle

m = relativistic mass of the particle

m0 = rest mass of the particle

E = kinetic energy of the particle

v = speed of the accelerated particle

c = speed of light in a vacuum

When an electron hits the surface of a sample, it interacts with the atoms

in it and gives rise to several phenomena. They can be separated by the loca-

tion at which they occur as seen in figure 3.6, which shows the incident electron

beam and the resulting interaction volume. The generated signals show differ-

ent information about the sample, like chemical composition (X-Rays), material
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and channeling contrast (Backscattered Electrons) or surface features (Secondary

Electrons), depending on the location of where the signal is generated and what

characteristics the signal has.

Figure 3.6: Interaction volume of an electron beam with a sample [43].

3.2.1 Secondary Electrons and Backscattered Electrons imaging

One image mode is the method of Secondary Electrons (SE) imaging. They are

generated by inelastic scattering of the incident beam. Due to their low energy of

less than 50 eV they only escape the sample and reach the sensor when created

close to the surface. The signal is therefore mainly generated on a spot the size of

the probe that is projected on the sample and allows for a very high resolution [44].

SE can be detected with an Everhart-Thornley Detector that consists of a charged

cage to attract the low energy electrons, a scintillator and a photomultiplier in

order to detect the signal.

Backscattered Electrons (BSE) are incident electrons that exit the sample

after one or more elastic scattering events. They retain most of their energy.
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Detecting this kind of electrons is nowadays done by a semiconductor ring above

the sample. Due to their high energy BSE can not be efficiently attracted to

the detector. Instead the detector has to cover as large of an angle around the

incident site as possible in order to collect many BSE. Different materials scatter

the incoming electrons differently and therefore allow for phase contrast. A plot of

the different intensities of the SE and BSE intensities can be seen in figure 3.7 [45],

which shows the yield in SE and BSE as a function of atomic number. Yield

describes the number of SE and BSE that are generated per incident primary

electron. While the SE yield stays almost constant for materials with an atomic

number above 10, BSE show an increase in yield for the entire periodic table that

diminishes at high atomic numbers, but never flattens of. This difference in yield

results in a grayscale contrast of different materials in the BSE image.

Figure 3.7: Increase of BSE (η) and SE (δ) yield with increasing atomic number Z.

The difference in BSE yield between different atoms allows for a simple material con-

trast [45].

3.2.2 Electron Backscatter Diffraction

If the sample is tilted relative to the incident beam, BSE can be used to deter-

mine the crystal structure at the point of incidence. In the same way the SEM

constructs a grayscale image by scanning the sample, a detector for Electron
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Backscatter Diffraction (EBSD) can be used to construct an image of the grain

orientation. The detector configuration can be seen in figure 3.8(a).

Figure 3.8: (a): Configuration of EBSD measurement. The sample is tilted at a high

angle and the EBSD detector is perpendicular to the electron beam. (b): Process of

generating Kikuchi lines. A crystallographic plane diffracts the BSE that leave the sam-

ple [46].

The electrons from the beam are scattered near the incidence site and due to

the large angle of the surface relative to the incident beam a lot of the scattered

BSE are able to leave the sample. If they make their way out of the sample, some

of them will fulfill the Bragg condition as described in equation 3.7 [47].

2·d · sin Θmaximum = n · λ (3.7)

where :

d = lattice parameter of the material

Θ = angle between incidence beam and planes of the crystal lattice

n = any integer

λ = wavelength of the incident electrons as described in equation 3.6

This leads to an accumulation of intensity along the conic section to which

they are diffracted. Due to the arrangement of the detector and the sample these

conic sections can be approximated by lines. The resulting lines on the detected
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image are called Kikuchi bands and correspond to the lattice planes in the crystal

that is imaged. An illustration of this can be seen in figure 3.8(b). The pattern

of Kikuchi bands is characteristic for each crystal structure and – depending

on which lines are seen – the orientation of the crystal can be determined. A

sketch of the different patterns corresponding to different crystal orientations

can be seen in figure 3.9(a). Figure 3.9(b) shows a real image of a backscatter

Kikuchi diffraction pattern. In figure 3.9(c) the diffraction planes of the image

in figure 3.9(b) are highlighted and the zone axes labeled.

Figure 3.9: Characteristic backscatter Kikuchi diffraction patterns. (a): Sketch of the

patterns and the corresponding crystal orientations of a cubic structure. (b): Real image

of a backscatter Kikuchi diffraction pattern. (c): The same pattern as in (b), but the

diffraction planes are marked and the zone axes labeled [48].
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3.3 Transmission Electron Microscopy

Compared to an SEM, a Transmission Electron Microscope (TEM) can use a

much higher voltage to accelerate the electrons. TEM samples have to be trans-

parent to the high velocity electrons, because the detectors are located along the

path of the electrons. A sketch of the lens configuration of a TEM can be seen in

figure 3.10, along with a picture of the FEI Titan Themis3 300 [49] used in this

work. In a TEM the electron source, lenses, sample and detector are all placed in

one line. The lenses can be used to put the sample both in an image as well as a

diffraction plane of the electron beam, resulting in either location or diffraction

information to be imaged on the sensor. The TEM relies on different detection

mechanisms than the SEM. While both BSE and SE can be created in a TEM

due to the interaction of the electron beam with the sample, the detectors are in

line with the electron beam and image the sample with the transmitted electrons.

This enables both spacial information and diffraction information to be gained

from the sample. Magnifications of up to atomic resolution are possible, as well

as diffraction patterns to study the grain lattice [50].
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Figure 3.10: Schematic of the electron path in a TEM. Lenses, sample placement and

sensor positions for X-ray and electron energy loss spectroscopy are also shown [50].

On the right a picture of the microscope used in this work, a Titan Themis3 300 [49],

can be seen.
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4 Experimental setup

In this chapter the experimental setup will be explained. The goals of the exper-

iments are to accurately determine the resistivity before heating, to observe the

thin film development during heating with the light microscope and to measure

the resistivity and grain size after heating to different temperatures, in order to

find the parameters to optimize the electrical conductivity of the deposited thin

film.

4.1 Creation of Thin Film

For the experiment gold thin films were prepared on two different substrates.

One on a silicon wafer with a 500 nm silicon oxide layer for use in experiments

with electrical measurements. The silicon wafers were cut in order to fit into the

microscope and cleaned with acetone to provide a system without any unknown

influences as far as possible. Other samples were prepared on a silicon nitride

TEM grid. In the center of these samples only the silicon nitride supports the

thin films. This allows for the samples to be viewed in a TEM as well as using

the transmission mode of the light microscope. The substrates were chosen for

their isolating quality as to not influence the electrical measurement of the thin

film.

The wafers were coated with a 20 nm thin gold film. For this the Electron

Beam Physical Vapor Deposition system (E-Beam) HVB 130 by Winter-Vakuum-

technik [51] was used. An image of the deposition system can be seen in figure 4.1,

showing the interior with the sample holder at the top, the vent to the vacuum

system in the middle and the crucible with gold at the bottom ((a)) as well as

the exterior, including the control interface at the right and the closed vacuum

chamber at the left ((b)). The deposition rate used was 0.5 Å per second.
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Figure 4.1: Picture of the Electron Beam Physical Vapor Deposition system HVB 130 by

Winter-Vakuumtechnik [51] used for this work. A: Vacuum chamber with the material

source at the bottom and the sample holder at the top. B: A view of the system at work

(Image from [52]).

4.2 Heating of the thin film

The thin films were heated using a Linkam TS1200E heating stage. The exper-

iments were started at 20 ◦C and the temperature was increased by 30 ◦C per

minute. During heating the crucible was flushed with nitrogen. Removing the

oxygen from the atmosphere around the wafer prevents any further oxidation of

the silicon in the wafer and minimizes the build up of stresses. With less stress in

the thin film, bulging can be reduced and bubble formation prevented (see discus-

sion in chapter 6.2). The increased nitrogen content when compared to ambient

air increases the temperature needed to dewet the wafer [53].

Having only two contacts available for in situ measurements does not allow
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to determine the resistivity, as the resistance of the wires and the contact points

influence the measurement. However, it is possible to observe the total change

in resistance in the wire, contacts and thin film system, resulting in a resistance

measurement relative to the starting resistivity. Thanks to the automated in situ

two point measurement I developed, determining the regime of conductivity of the

thin film can be done in situ while heating. Once the desired regime is reached,

the heating process is stopped and the sample is cooled down at a rate of 200 ◦C

per minute in order to preserve the microstructure as best as possible. Multiple

wafers were prepared and cooled after heating to 76 ◦C, 172 ◦C, 393 ◦C, 650 ◦C

and 698 ◦C within 2, 5, 12, 20 and 23 minutes, respectively. These temperatures

were chosen based on the measured in situ resistance.

4.3 Electrical measurement

When doing electrical measurements it is important to create a good contact. If

this is not the case, parasitic resistance at the points of contact will influence

the measurement. In order to achieve good connectivity, Acheson Silver DAG

1415 [54] contact paste was used for experiments when no elevated temperatures

were needed. For experiments with high temperatures PELCO conductive gold

paste [55] was applied to the contacts.

After placing the sample in the crucible of the heating stage, gold wires are

inserted which hold the wafer in place and provide a connection to the electrical

port in the heating stage. Gold paste is then applied to improve the contact

between the thin film and the wires. This setup can be seen in figure 4.2, the

wafer and contacts are at the center and the electrical connector is at the right

of the image.

The main part of this work incorporates three electrical measurements: before,

during and after heat treatment. Due to the limitations of the heating stage

only a two point measurement was possible during heating. Values gained during

heating therefore only allow for a relative reading of the whole system instead of

an accurate measurement of the thin film resistivity. The readings before and after

were performed with a four point setup in order to measure the exact resistivity
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Figure 4.2: An example of a wire to thin film contact. Gold paste was used to provide

a good electrical conductivity. The wafer is in an isolating crucible, gold wires are

connected to the thin film with the gold contact paste. The electrical contacts that lead

outside the heating stage are seen on the right.

and eliminate all parasitic contact resistances. A schematic of the workflow for

electrical measurements can be seen in figure 4.3.

For the measurements a Tektronix Keithley 2400 Source Measure Unit [56]

was used. It allows for the measurement and source of electrical current of up

to 1 A and voltage of up to 200 V. The measurement accuracy changes with the

absolute value and starts at 300 pA for a current measurement and 300 µV for

a voltage measurement [56]. Accurate two and four point measurements can be

easily implemented with the integrated sweep functions. More complex tasks can

be coordinated using the serial port of the device and a computer. Python was

chosen to implement the logic for communicating via the serial interface. To ease

the data analysis, a script was developed to automate the measurement. Using

the serial port, instructions were sent to, and data read from the device.

For the four point measurement before and after heating, a sweep was per-

formed. During the sweep measurement the device applies different levels of volt-

age sequentially from −0.1 V to 0.1 V and measures the current drawn. The re-

sulting scatter plot of current measurements on the x axis and voltage values on
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Figure 4.3: Workflow of the electrical measurements. The resistivity is determined ac-

curately before and after heat treatment with a four point measurement, and an in situ

two point measurement is performed during heat treatment.

the y axis can then be analysed. If the individual data points of the measurement

all lie on a straight line the resistance of the wafer can be calculated by fitting a

line to the data and using Ohms law as shown in equation 2.1 to calculate the

resistance. If the points are not on a line, but instead form a curve with positive

curvature, the resistance is increasing during the measurement. If the curvature

of the resulting plot is negative, the resistance is decreasing. A changing differ-

ential resistance indicates that the contact is not perfect and needs to be redone

or left to settle for longer.
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For the heat treatment the script was modified. A sweep would take too long

and fail to give the resistance at a single point in time. Instead only a single

measurement at a certain level of voltage was taken continuously. The resulting

values were saved together with the time of the measurement. In a system where

no voltage is generated, a single point of measurement is enough to determine

the resistance.

Because the measurement of the resistance at a defined voltage level takes less

than a second, the results can be directly visualized. While the sample is heated,

its current resistance is shown. This allows for the live correlation between re-

sistance and in situ light microscopy observed morphology as well as targeted

interruption of the heat treatment to study the microstructure at defined resis-

tance values.
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5 Results

5.1 Thin film thickness

The exact thin film thickness was determined using an Atomic Force Microscope

(AFM). Using tweezers the gold film was scratched and the underlying siliconox-

ide exposed. Due to the difference in hardness the siliconoxide was not damaged

and a sharp difference in height between the gold layer and the oxide was created.

This contrast was then imaged using the AFM. The unprocessed data can be seen

in figure 5.1(a). The height data gained from the measurement was corrected in

order to remove any inclination of the sample present in the experiment. This

allows the visualization of the height difference as seen in figure 5.1(b). Plotting

the count of points measured per height level then shows the difference in eleva-

tion for the silicon oxide and the surface of the gold film. The plot can be seen

in 5.2. This difference in height is the thickness of the deposited gold layer. The

measurement was performed at three different points on the wafer to account for

potential film thickness differences which could develop due to uneven deposition

rates. The resulting film thickness was determined to be (19.79 ± 0.36) nm. The

AFM used to perform the experiment in this work can be seen in figure 5.1(c).

5.2 Hole development during heat treatment

The first step in dewetting is the creation of small holes. These holes then grow

into large patches of dewetted area until the former thin film is only left as

small particles on the underlying substrate. An example of this development

can be seen in figure 5.3. Images (a)-(f) show the evolution of a 50 nm gold

layer upon heating as seen in the light microscope. The continuous film starts

to form holes and starting at these defects the film retracts, the holes grow and

merge together. In the end only particles remain on the substrate. This is seen

in the light microscope by the blue color of the substrate replacing the gold

color of the thin film. Images 5.3(g-i) show a 20 nm thin gold film annealed for

different amounts of time. In the SEM the actual morphology is resolved and
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Figure 5.1: (a): Unprocessed data from the AFM. The difference in height from the gold

thin film to the substrate can be seen, but in this state cannot be precisely calculated.

(b): Processed data from the AFM to be level. This can be further analysed to calculate

the thickness of the gold layer. (c): The AFM used in this work to determine the exact

thin film thickness.

Figure 5.2: The resulting height distribution of the imaged area. The difference in the

peaks is the thickness of the gold film.
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Figure 5.3: The development of thin film morphology during heating. The continuous

film starts to form holes, these holes grow and connect until only particles remain.

(a-f): the development of a 50 nm thin film as seen in the light microscope. The black

circle follows the change from hole to dewetted film on a fixed spot on the wafer. The

scale bar in (a) applies to all light microscope images. (g-i): ex situ SEM images of a

20 nm thin gold film.

single particles are visible. Thin film thickness directly influences the velocity

of the thin film morphology changes, which is the reason behind the different

heating durations shown in figure 5.3.

Using video information recorded during heating of the wafer, it is possible to

determine the area that is still covered by the thin film and where the underlying

substrate is already exposed. This process was automated using the open source

computer vision library OpenCV [57] and its flexible, context independent bina-

risation function adaptiveThreshold. In order to determine the values for the

arguments blocksize and the constant c, correlative constant thresholds were
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applied to selected frames using ImageJ [58]. The values of blocksize and c were

chosen to be 150 and 2 respectively as those lead to the best conformity between

the automatically produced images of OpenCV and those manually determined

with the help of ImageJ. Using this approach the area coverage during heating

can be correlated with the in situ resistance measurement. The reasons behind

these decisions are discussed in chapter 6.4.

As can be seen in figure 5.4 the dewetting leads to a reduction in thin film area

coverage, which leads to an increase of resistance. The graph in figure 5.4(a) shows

the area coverage and the relative resistance as determined by the in situ two

point measurement for context. The resistance measurement is included in graphs

to provide an easy reference between the measurements of the different thin film

characteristics. While the changes in resistance during the first 10 minutes of

heating are significant, the visual appearance of the thin film does not change.

Small holes that are visible in SEM images after only 12 minutes of heating are too

small to be picked up by the light microscope. Only after 23 minutes of heating

the dewetting process becomes visually apparent in the light microscope and

a significantly reduced area coverage is calculated. Beginning at 25 minutes the

holes start to grow, resulting in a rapidly increasing fraction of dewetted area.

At the same time the resistance increases as more and more material is cut off

from the current conducting path, leading to a reduced cross section available

for the charge to flow. Despite this effect counteracting gains in conductivity due

to improvements in the thin film microstructure, the resistance only goes above

the initial resistance after more than 35 % of area are dewetted. Images 5.4(b-e)

show the thin film as recorded in the light microscope and are the basis for

the calculation of the area coverage during heating. Images from 10 minutes to

29 minutes of heating show the development of the thin film from a continuous

layer to patches of continuous film and dewetted areas. Images 5.4(f -i) are the

binarized form of the light microscope images above. The fraction of yellow and

violet corresponds directly to the area coverage as displayed in the graph 5.4(a).

Even though the binarization picks up on small discolorations of the thin film

early on that are not part of the dewetting process, the area coverage value is still
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accurate as these discolorations do not influence the calculated area coverage in

any significant way.

Figure 5.4: Example of how the area coverage influences the conductivity across the thin

film. Pictures below show the development of the thin film during heating. The top row

of pictures (b-e) are as recorded in the light microscope, the bottom row (f-i) shows

the binary form from which the computer calculates the area that is covered. While the

SEM images show small holes after only 12minutes of heating, they are too small to be

picked up by the light microscope. The binarization picks up on small discolorations of

the thin film, but this does not influence the calculated area coverage in any significant

way.

The SEM images show that the first holes are formed sooner than is visible in

the light microscope and before any effects on the in situ resistance are detected.
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As shown in figure 5.5, the first holes start to appear after 12 min of heating,

at which point the temperature reaches 393 ◦C. The other two images show hole

growth after 20 min, 650 ◦C and 23 min, 698 ◦C of heat treatment. The change in

area coverage can be seen, as increasing temperature and heating time result in

the retraction of the thin film. During retraction the grains at the rim of holes

grow and protrude from the thin film [59].

Figure 5.5: Micrograph taken with the SEM. The first wafer ((a)) was heated for only

12minutes and up to 393 ◦C. At this stage the first holes are visible. Wafer two ((b))

and three ((c)) show much larger holes as they were heated for 20min, 650 ◦C and

23min, 698 ◦C respectively. The inset on the third micrograph shows the rim of a hole.

The samples with a transparent silicon nitride screen were used to perform an

experiment using the transmission mode in the light microscope. Using the video

data recorded during the heat treatment allows for the extraction of a relative

transmissivity value. No experiment was performed with a specific wavelength

filter, but a sum of the brightness of the pixel values shall be used as a simple

analogy. The silicon nitride membrane on which the 20 nm gold film was deposited

influences the transmission as well. Figure 5.6 shows some of the frames used in

this analysis, from 5.6(a) showing the first pale signs of holes to 5.6(i) displaying

a fully dewetted area. The total dewetting time and further the significant hole

growth after 20 minutes is comparable to the behavior of the gold film deposited

on a wafer with a 500 nm silicon oxide layer.

As can be seen in figure 5.7, when looking at the grayscale images the trans-

missivity decreases with the time the thin film was heated. The blue color channel

of the RGB images provides a better contrast, however and shows the trans-
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Figure 5.6: Selected frames from the video used for transmissivity analysis. While the

dewetted parts are brighter than the areas with continuous film, the average brightness

is reduced. The scale bar in (a) applies to all images (a-i)
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Figure 5.7: (a): Cumulative grayscale and blue channel values per frame as they are

developing with increasing dewetted area. The graph shows a decline in the intensity

of the light that makes up grayscale images, but a rise in intensity of the blue channel

images. The insets (b-c) show the film before the dewetting process and insets (d-e)

show the dewetting process. Scale bar in (b) applies to (b-e). An improved contrast

between covered and dewetted area when filtering for blue light is apparent.

mission increasing with decreased area coverage. Insets (b) and (c) show the

grayscale and blue channel image of the continuous film, insets (d) and (e) the

dewetted layer. Changes in exposure time of the camera sensor in the microscope

were corrected for.

Samples with a transparent window also allow for analysis of the thin film in

a TEM. Figure 5.8 shows two micrographs. Because of the accurately resolved

grain boundaries – as seen in images 5.8(a) and 5.8(b) – the grain size can be

precisely determined with the line intersect method, which will be described in

chapter 5.3. Images 5.8(c) and 5.8(d) show the dewetted state on the silicon

nitride substrate. The TEM analysis reveals twin grain boundaries, which are

characteristic for annealed metal films [60]. An increase in twin grain boundaries
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with increasing heating time is a known phenomenon [61], as well as the influence

of grain boundaries, including twins, on the electrical conductivity [62].

Figure 5.8: Micrographs taken with the TEM. (a): The high resolution of the TEM

allows for precise grain size analysis with the line intersect method. (b): both regular

and twin grain boundaries can be seen with the TEM. (c): The dewetting process begins

with the formation of holes that grow and branch out (1). (d): The different substrate

does not hinder the dewetting process. The grown holes leave single particles and thin

bridges of material (2).
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5.3 Grain size and its dependence on temperature

Temperature treatment directly influences the grain size of the heated material.

While nanoscale grains are frozen in an unfavorable state when the temperature

is low, they move towards an energetically more stable state when the atoms

gain mobility due to increasing temperatures [63]. This leads to grain growth as

an atom in the grain has a lower energy than a grain on an interface or grain

boundary. In thin films this also leads to particle formation when heated long

enough or to high temperatures [64].

The line intersect method was used to determine the grain size for the samples

that were heated to different temperatures. For this a line pattern was overlaid on

BSE images taken with the SEM and marks are placed whenever one of these lines

intersects a grain boundary. The grain size can then be calculated by measuring

the distances between the marks on a line. An example of this method is shown

in figure 5.9 using an TEM image. Grain boundaries are emphasized with red,

the helper lines that give the line intersect method its name are shown in blue.

Figure 5.9: Example of the line intersect method. The blue lines provide a reference to

measure the grain size. Whenever a grain boundary intersects one of these lines a mark

is placed. Together with the scale, the distance between the marks results in the grain

size distribution. Color and size of the lines and markers are emphasized in the figure

for illustrative purposes.

The resulting values for the average grain size and the standard deviation of

the data can be seen in table 5.1. Starting with a value of 36 nm in the mea-

surement of the wafer heated for 2 minutes, the grain size rises continuously with
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increasing heating duration.

Table 5.1: The average and standard deviation of the measured grain sizes. Line in-

tersect method was used to determine the grain size after different heating times. The

samples were cooled quickly after heating in an attempt to freeze the grain structure.

Heated for/minutes Interrupted at/◦C Grain size/nm

2 76 36 ± 13

5 172 38 ± 12

12 393 102 ± 57

20 650 203 ± 95

23 698 220 ± 109

Figure 5.10: (a): Cumulative grain size distribution of the different samples. With

increasing heating time the grains grow and the distribution spreads out. (b): Repre-

sentative BSD images of different heating stages.
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Figure 5.10 shows the cumulative grain size distribution and gives a more

intuitive impression of the values presented in the table. The diagram illustrates

the change in average grain size and the standard deviation visually, from the

steep slope of the curves when the grain size has a low standard deviation in the

beginning, to the flat, drawn out graph of the distribution with a high standard

deviation after a longer heating experiment.

To visualize these values in the context of the measured resistance, they can

be seen in figure 5.11 together with a reference curve of the in situ measured two

point resistance in the system during heating. The grain size steadily increases

with increasing heating time and temperature, with the exception of the measure-

ment after 5 minutes of heating. Formation of the first holes after 12 minutes of

heating and the start of the dewetting process at 20 minutes of heating does not

keep the grains from growing. The final size of the grains is limited by the size of

the particles that are formed in the dewetting process, and the size of the formed

particles in turn is defined by the thickness of the deposited thin film [9,65].

Figure 5.11: Box plot of the grain size of the interrupted samples together with a refer-

ence curve of the in situ measured two point resistance during heating.
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5.4 EBSD measurements

In order to determine the orientation of the grains at different stages during

heating, EBSD measurements were performed. For one sample with an untreated

thin film and every heated sample, a grain orientation map was recorded, showing

the orientation of the thin film at every pixel of the image. Using the Kikuchi

patterns from the EBSD measurement, the orientation of the crystal at that point

in the thin film can be determined. Resulting maps can be seen in figure 5.12 and

show the development of the grain size as well as the grain orientation. While

the resolution does not allow for a quantitative grain size analysis, it is apparent

that the small grains at the beginning form into large grains during the heat

treatment, leading to isolated monocrystalline particles when the film is fully

dewetted. The grain orientation can be clearly seen despite the low resolution.

An inverse pole figure gives a better view on the orientation of the grains in the

image and is shown in figure 5.13. As can be seen in the untreated film, there is a

dominant orientation in the [1 1 1] direction. In comparison to the film heated to

698 ◦C, it becomes apparent that the grains move to further concentrate to point

along the [1 1 1] direction.

5.5 Resistivity measurement before heat treatment

In order to determine the exact resistivity of the deposited thin film, a four point

measurement was performed on samples in the as-deposited state. The resistivity

measurement was performed on thin films with a thickness ranging from 5 nm

to 120 nm. Figure 5.14(a) shows a photograph of the deposited gold thin films.

The difference in thin film thickness results in a visible color gradient from the

dark color of the underlying silicon oxide towards the gold color of the deposited

film that becomes more pronounced with increasing thickness. The resistivity

measurement reveals at which thickness the thin film becomes non-conductive,

because parts of it are no longer connected. The resulting measurements of sheet

resistance are plotted in figure 5.14(b) and show the inverse sheet resistance

together with the deposited film thickness. A low value therefore corresponds to

a high sheet resistance of the thin film. When plotting the inverse sheet resistance
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Figure 5.12: EBSD maps of samples heated to different temperatures, from untreated

up to a fully dewetted state. Coloring is done in reference to the inverse pole figure of

the out of plane orientation. The general trend in grain size growth and the orientation

of the thin film is visible.

Figure 5.13: Inverse pole figures of the EBSD data in figure 5.12, from the untreated

sample (a) and the sample heated to 698 ◦C (f). While the heating does result in a slight

change and concentration of the orientation, the grains start closely aligned already.
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Figure 5.14: (a) The difference in thin film thickness from 2 nm to 120 nm results in

a visible color gradient. The dark color shows more of the underlying silicon oxide, the

thicker films show a more golden color. When using a layer of only 2 nm or 5 nm thick-

ness, the film was not continuous and carried no electricity. It was therefore excluded

from the experiment. (b) The measured sheet resistance for the gold thin film with a

thickness ranging from 10 nm to 120 nm. There is no increase in sheet resistance at a

film thickness of 20 nm, which is evident by the marks for this thickness all lying on the

line of best fit.

over the film thickness, a linear fit results in the resistivity of the thin film, as

given by equation 2.5. The measured values are higher and more spread out than

the true values, because no correction factors have been applied (see appendix B).

This measurement was done across a wide range of thin film thicknesses to
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make sure the resistivity does not increase due to island formation in ultra thin

films, but only due to the decrease in thickness. With this method no island

formation could be found for films with a thickness of 20 nm, which were used for

the following experiments.

The resulting resistivity of the deposited gold layer was determined to be

(26.92 ± 0.74) nΩ m. The resistivity of bulk gold is (22.20 ± 0.26) nΩ m [66,67,68],

but the resistivity of thin films is higher [69], depending on the quality of the

interfaces and the amount of defects, like grain boundaries, in the thin film.

5.6 Resistance change during heating

For every wafer that was contacted electrically during heating, the change in

resistance was recorded. This allows for a direct insight into the electrical prop-

erties during the experiment. An absolute value for the electrical resistance does

not represent the actual resistivity correctly, as the two point measurement intro-

duces parasitic resistances in the wires and contacts. Different samples will also

show a different distance of the contact probes on the thin film.

Figure 5.15 shows an example curve recorded during the process. The inter-

esting parts are the significant drop in resistance from three to 13 minutes (fig-

ure 5.15 part 1) and the sharp rise in resistance starting at 23 minutes (figure 5.15

part 2). Reason for the change in resistance in part 1 is the curing of the contact

paste, which improves the contact between the wire and the thin film, and the

grain growth, which removes grain boundaries that increase the resistance due

to scattering of electrons [70, 71, 72, 73]. Despite being allowed to settle for more

than twelve hours, the optimum conductivity of the contacts was only reached

by heating. The sharp rise in resistance at the end of the measurement in part 2

is due to increased hole growth. As more material is cut off from the current con-

ducting path, the cross section that is available for the charge to flow is restricted

further, which leads to an increase in resistance according to equation 2.5.

In figure 5.16 the change in appearance during heating can be seen. The

images are extracted from the video recorded during heat treatment. As seen

in pictures 5.16(a-c) no noticeable change is visible using light microscopy. The
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Figure 5.15: An example for one of the recorded resistance and temperature graphs. The

temperature is increased by 30 ◦C per minute up to 850 ◦C, at which point it is decreased

at a rate of 200 ◦C per minute in order to freeze the microstructure.

corresponding images 5.16(g-i) from the electron microscope show a change in

grain size. Starting with image 5.16(d) the hole formation and subsequent hole

growth can be seen in the images taken with the light microscope. Image 5.16(d)

shows more, but smaller holes than image 5.16(e), which was heated 3 minutes

longer. This is due to small variations in the deposited thin film. The grains size

increases further as seen in the micrographs 5.16(j-l), taken with the electron

microscope. Pictures 5.16(f) and 5.16(l) show a fully dewetted wafer. While

single particles are visible in the light microscope, the resolution is not enough

to properly image them. The SEM can resolve the shape of the gold particles,

however.

The same in situ resistance measurement was also attempted with the sam-

ples used in transmission mode. Due to their small size of 2 mm and the resulting

contacting problems, no complete measurement run could be performed. As such
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Figure 5.16: The development of the thin film with increasing heating time and tem-

perature. The top row ((a-f)) shows frames from the video recorded during heating in

the light microscope. The bottom row ((g-l)) shows images taken with the SEM after

cooling down the wafer.

only the fact that the general trend of the in situ measurements of both trans-

mittance and reflection samples show no significant deviation from each other

will be stated.

5.7 Resistivity measurements after heat treatment

Because the heating stage only provides two points for electrical contact, the

resistivity can not be measured while heating. In order to determine the resistivity
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of the wafers after treatment, a four point measurement was performed after

the samples were quickly cooled down. This complements the in situ two point

measurement and allows to put the in situ resistance into context.

Placing four probes on a wafer that fits into the heating stage – and is therefore

smaller than 1 cm in any direction – proved to be a tricky challenge, but was solved

with the support of a helping hand tool. The measurement was performed under

a stereo microscope, which allows the exact reading of the probe distances. Using

ImageJ [58], the distances between the probes and the shape of the rectangle were

measured in order to apply the correct factors for the resistivity measurement.

The resulting resistivity and sheet resistance values can be seen in table 5.2.

Figure 5.17 shows the results in a plot together with the in situ resistance curve

as well as the bulk resistivity [66, 67, 68] to put the results into context. The

third measurement after 5 minutes of heating is abnormally high due to scratches

introduced when contacting the wafer for the four point measurement. Removed

material decreases the area of the thin film that is able to carry current and

therefore increases the resistance. Some of the measurements are lower than the

bulk value of gold, but fit well to the in situ resistance value. Reasons why the

measured resistivity is lower than the bulk resistivity are discussed in chapter 6.6.
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Table 5.2: The measured resistivity and sheet resistance after heat treatment.

Heated for/minutes Interrupted at/◦C Resistivity/nΩ m Sheet resistance/Ω

untreated untreated 26.9 1.35

2 76 21.4 1.07

5 172 30.7 1.54

12 393 16.7 0.84

20 650 18.2 0.91

23 698 113.3 5.67

Figure 5.17: Resistivity measurement after heating. The green plot provides a reference

to the in situ two point measurement.
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6 Discussion

The aim of this work was to find the optimal grain size to maximize electrical

conductivity of the deposited thin film. Different parameters were measured –

with a focus on grain size and resistivity – to correlate the development of the

thin film during heating. In this chapter the results presented in the previous

chapter 5 will be analyzed in depth and discussed.

6.1 Influences of silver contact paste on dewetting behavior

The first experiments were done with silver contact paste [54] to connect the wires

with the thin film. This provides a good contact, but is only possible for experi-

ments that are not subject to elevated temperatures. As silver has a lower melting

point than gold [66] and is fully miscible for all mixture ratios [74], it diffuses into

the gold thin film near the contact and the resulting alloy has a lower melting

point than pure gold. As dewetting is a temperature dependent phenomenon, a

lower melting point leads to dewetting behavior at lower temperatures. The re-

sulting non-homogeneous dewetting behavior can be seen in figure 6.1. The thin

film is continuous far away from the contact point, but fully dewetted near the

silver paste. A region between the dewetted silver-gold alloy and the silver contact

is continuous as well.

For the correlative test series, only gold paste [55] was used. This does not

lower the melting point of the thin film and therefore leads to consistent dewetting

in the gold layer. The dewetting behavior when contacting the thin film with gold

paste can be seen in figure 6.2(a). Images 6.2(b) and 6.2(c), captured in the

light microscope and SEM respectively, show parts of the thin film with higher

magnification and homogeneous dewetting between contacts.

6.2 Bubble formation during heating

When heating the thin film above 690 ◦C, bubbles start to form. This leads to a

delamination of the gold layer from the silicon oxide substrate. Figure 6.3 shows
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Figure 6.1: Image taken with a SEM showing the dewetting behavior close to a silver

contact. Starting from the contact point is a continuous thin film with small holes.

At a distance of about 200 µm from the silver paste the gold film is dewetted, turning

continuous again further away from the contact.

Figure 6.2: Dewetting process of the thin film when contacted with gold paste.

(a): Overview of the thin film between contacts. No increased dewetting rate can be

seen near the contacts. (b): Area captured in situ with the light microscope. (c): Part

of the light microscopy image shown with a higher magnification and in the SEM.
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the bubbles as seen in the light microscope as well as SEM micrographs of the

collapsed bubbles after cooling down the wafer.

Bubble formation is a known phenomenon in thin film systems [75, 76]. The

driving force behind this behavior is the oxidation of residue between the thin

film and the substrate and the build-up of thermal stresses. Despite the bubbles

not preventing dewetting of the thin film as seen in figure 6.3(c), experiments

with bubble formation were excluded from the following evaluation. For further

experiments the heating stage was flushed nitrogen before heating to prevent

oxidation and the formation of bubbles.

Figure 6.3: If the atmosphere contains oxygen, bubbles can form during the heat treat-

ment. (a): Inflated bubbles as seen during heating. (b): Collapsed bubble in the light

microscope. (c): SEM micrograph of collapsed bubbles that already dewetted. The re-

maining thin film after bubble formation and deflation is more resistant against dewet-

ting than the normal thin film. (d): A non-dewetted, deflated bubble in the SEM.
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6.3 Transmissivity change during dewetting

Considering the dewetting behavior, an increase in transmissivity and a decrease

in area coverage with increasing heating time is expected. Figure 6.4 shows the

development from a continuous film to the fully dewetted state. Figure 6.4(a)

shows the thin film in the as deposited state with a very small grain size. After the

thin film is dewetted to a non-conductive state, the area coverage is minimized. An

example of this state can be seen in figure 6.4(b). In figure 6.4(c) the transition

from a continuous film to the dewetted parts of the layer can be seen.

The development of area coverage with increased dewetting was confirmed

with the help of a binarization function of the in situ light microscopy images.

The change in transmissivity could be correlated to the change in area coverage

with an intensity measurement of the blue channel of the RGB images but not

by measuring the intensity of the grayscale images.

Figure 6.5 shows a close up of the dewetting process in transmission mode.

The image 6.5(a) shows a TEM micrograph of the edge of dewetted areas. Im-

ages 6.5(b-d) were taken with the light microscope and show the same part of

the dewetting process, but are displayed in color (6.5(b)), grayscale (6.5(c)) and

were filtered for the blue channel (6.5(d)).

A drop in transmissivity is calculated with decreasing area coverage of the

thin gold film when using grayscale images instead of the blue channel of the

RGB images, as was shown in figure 5.7. This is an unexpected result, given that

dewetting leads to higher transparency as more and more substrate is uncovered.

Inspecting the covered and dewetted parts of the sample also shows a higher

light attenuation for the parts covered with the thin film when compared to the

uncovered areas.

A likely reason for the decrease in calculated transmissivity of the grayscale

images is the increase in thickness near holes in the thin film. The material from

the hole accumulates at the rim of the holes as part of the dewetting process [59].

This increases the thickness of the grains at the edge of holes and leads to a

higher attenuation of the light passing through the thin film near dewetted areas,

making the edge of holes appear darker in the recorded images.
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Figure 6.4: Development from a continuous film ((a)) to a non-continuous film that

shows the substrate in many parts which were previously covered ((b)). No electric-

ity can flow between the two contact points. Image (c) shows the transition from the

dewetted to the continuous part.

When using the blue channel of the RGB images, a simple preprocessing of

the input data is performed, filtering the image by the wavelength to which the

blue pixel detectors are sensitive to. This filter effect darkens the thin film parts

of the image relative to the dewetted areas and increases the correlation of the
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Figure 6.5: Close up of the transition from thin film to substrate. (a): TEM image of

the transition from thin film to substrate. (b): Light microscopy image with all three

color components. The transition from thin film (yellow) to substrate (white) shows a

discoloration. (c): Grayscale light microscopy image. The rim is still darker than the

thin film, but the difference is less visible than in in the RGB image. (d): Blue channel

of the original RGB image. Filtering for this color results in a much darker film with

less contrast to the rims, but an improved difference to the dewetted area.
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calculated transmissivity value with the perceived change in brightness. Filtering

the image with the blue pixel detectors is therefore a better measurement than

using the grayscale image.

The value of the calculated grayscale transmissivity value is tainted by the

increased light attenuation at the edge of holes, which gives the impression of

decreasing transparency. While the effect is minimized by using the blue channel

to segment the data before analysing it, the drop in transmissivity value up

to 15 minutes into heating shows that the effect can not be fully eliminated.

An additional important indicator is therefore the area coverage during heat

treatment. As the pixels at the edge of the thin films – which appear darker than

the pixels of the continuous film – have to be counted as either covered or not

covered in the area coverage analysis, they can not skew the result of the area

coverage measurement as much as a pixel with no brightness value can skew the

result of the transmissivity value.

6.4 Area coverage development during heating

Analyzing large data sets, like the frames extracted from the in situ light mi-

croscopy video requires computational support. Determining the area coverage of

a frame computationally is done by separating the image into a bright and a dark

area. There are several methods available to determine the split automatically. In

this work a constant threshold, Otsu binarization [77] and an adaptive threshold

were considered.

Generally a simple solution is preferred, like a constant threshold for all im-

ages in the sequence. Such a straight forward approach was not possible in this

work, because exposure of the camera sensor changes during the experiment.

This introduces jumps in the measured area coverage as well as coverage values

of exactly 0 or 1, which is never the case when analyzing the recorded frame

manually.

Otsu binarization works well in frames where the brightness distribution of all

pixels is bimodal. It automatically calculates the best threshold for every frame by

minimizing the intra class variance of intensity [77]. This threshold is then applied
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to the whole frame. The method did not segment the frame as intended for this

work, as the thin film is often unevenly illuminated under the light microscope.

A single threshold then leads to the computer viewing the brighter part of the

image as fully covered and the darker part as fully dewetted.

In order to get rid of the uneven brightness across the image, a local average

brightness level has to be subtracted from the base image. One approach would

be to fit a function – with the pixel coordinates as input and the brightness value

as output – to the image. Subtracting this best fit from the input image leaves

only the local brightness differences. Another solution is to blur the image with

a very large blur radius. This removes any details and only leaves the uneven

illumination visible. This background can then be subtracted from the input

image, resulting in only leaving the local brightness differences as well. For this

work the Gaussian background calculation was chosen, as defining a function

to properly fit the uneven illumination without being skewed by the brightness

difference of dewetted and covered areas is difficult. Additionally, OpenCV [57]

has a mathematical equivalent to the Gaussian background subtraction already

implemented with the adaptiveThreshold function.

The difference between a binary and a locally adaptive threshold can be seen

in figure 6.6. Image 6.6(a) shows the input image that has to be divided into

area that is covered with the gold thin film and area that shows the substrate.

Figure 6.6(b) shows the light intensity background of the grayscale image. Due to

uneven illumination in the light microscope the dewetted area at the bottom left of

the input will have the same color as the covered area at the top right of the image.

This is corrected for by the intensity background. The inset shows a high contrast

version to better visualize the differences that throw off the constant threshold

binarization. To highlight the difference between the adaptiveThreshold func-

tion and the constant threshold, images 6.6(c) and 6.6(d) show the binarized

version of the grayscale input shown in figure 6.6(a). The constant threshold

overestimates the area coverage in the darker bottom left corner of the image

and underestimates the coverage in the brighter top right corner. Because of this

uneven illumination the area coverage can only be accurately determined with
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the adaptiveThreshold function that takes the background illumination into

account.

Figure 6.6: The process behind the calculation of the adaptiveThreshold func-

tion. Scale bar in (a) applies to images (a-d). (a): The grayscale input image.

(b): Light intensity background of the input image. (c): Image binarized with the

adaptiveThreshold function. (d): Image binarized with a constant threshold.

A critical task when using such automated methods of evaluation is to deter-

mine the constants that are passed to the function. This has no analytical solution

and must be done manually. For this task selected frames were analyzed by hand

with the help of ImageJ [58] and a true value of area coverage determined. The

same frames were analyzed with the automated technique with different argu-

ments to the function. The two results were then correlated to determine the

best values for the constants blocksize and c to be 150 and 2 respectively. The

correlating plots can be seen in figure 6.7.

In order to increase the transmissivity and decrease the area coverage, better
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Figure 6.7: Plots of the area coverage with different arguments. Manually determined

coverage values are shown as yellow stars. (a): Changing the value of c has great effect

on the calculated area coverage. (b): The blocksize doesn’t have as great of an effect,

but the plot shows that small values overestimate the area coverage.
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control of the dewetting process is needed. If local defects can be eliminated and

the samples heated equally across the whole thin film area, a uniform dewetting

process would be possible. Another concept for improvement is the use of prepat-

terned substrates [78,79,80]. The dewetting process can be controlled by creating

areas that require high deformation in the thin film or high interfacial energies

between the thin film and the substrate for the thin film to be stable. Using a

pattern of high and low energy places, the dewetting process can be regulated

and forced into a predetermined shape.

6.5 Influence of the temperature on grain size and grain

orientation

In general, during heat treatment grain growth and a coarsening of the mi-

crostructure is expected [81]. This phenomenon can be used to influence the

electrical properties of the material by eliminating defects [70,71,72,73]. As grain

boundaries are a type of defect they scatter the electrons and increase the re-

sistance. An increase in grain size also reduces the number and area of grain

boundaries in the thin film, thus leading to an increase in conductivity. This can

also be seen in figure 5.17 which shows the four point measurements after heat

treatment.

The same phenomenon of grain growth can be seen in thin films where it

ultimately leads to particle formation [64, 82]. Examples of this are shown in

figure 6.8. TEM images 6.8(e-h) are of the same sample as the light microscope

images 6.8(a-d), respectively. The phenomenon of grain growth can also be seen

in concrete numbers in table 5.1. Since grain boundaries are the main reason for

the increased resistivity of thin films [10,11], the heat treatment and the resulting

grain growth improves the conductivity of the deposited gold layer.

The expected result of the EBSD measurement of the untreated wafer was a

thin film of randomly distributed grains. During the unheated deposition process,

the grains should be too slow to rotate towards a uniform, energetically favorable

position. Instead the measurement reveals an almost uniform grain orientation

of the untreated film, which suggests that the grains are free to rotate in the
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deposition process and do not need the very high temperatures of the heat treat-

ment to do so. This suggests that the deposition process already produces high

temperatures or that the deposited atoms have enough energy to move towards

an energetically favorable state.

Another explanation could be that the EBSD measurement can not detect the

small grains of the E-Beam deposition process. The initial film has an average

grain size of 36 nm, while the EBSD measurement was set to a pixel size of 40 nm.

This means that the results for a single pixel in the EBSD map of the unheated

thin film are not necessarily the EBSD measurement of one single grain, but might

be the result from the illumination of multiple grains with different orientations.

A comparison of the change in grain orientation from the untreated to the heated

sample is nevertheless possible and an inverse pole figure of the grain orientations

is shown in figure 5.13.

Figure 6.8: Development of grain growth seen in the TEM. (a-d): Images of the heated

samples taken by the light microscope in transmission mode. The scale bar in (a) applies

to images (a-d). (e-h): Corresponding views of the samples in the TEM. The stark

grain growth between the different samples is clearly visible. Scale bar in (e) applies

to images (e-h). Insets in figures (g-h) show the morphology of the sample at a lower

magnification.
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6.6 Correlating resistivity with grain size and dewetting

behavior

Optimizing the resistance of the thin gold film was the main focus of this work.

The best resistivity value measured was reached after heating for 13 minutes to

393 ◦C, resulting in a measured resistivity of 16.7 nΩ m, a stark improvement

when compared to the resistivity of the untreated thin film of 26.9 nΩ m. This

is lower than the value of (22.20 ± 0.26) nΩ m for bulk gold [66, 67, 68]. As is

predicted in theory [27, 29] and shown in literature [83, 84], thin films have a

higher resistance than bulk material for any current passing through them, due

to their large interface to volume ratio and their many defects – predominantly

grain boundaries [10,11] – when compared to bulk material. These characteristics

cause electrons passing through the thin film to be scattered and slowed down,

reducing the conductivity and increasing the resistance of the thin film due to

structural properties that are not found in the bulk material. Despite the absolute

value of resistivity being measured as below the bulk value, a clear decrease in

resistivity can be seen when comparing the four point measurements after heating

to different temperatures.

Figure 6.9(a) shows the in situ resistance, the bulk resistivity and the ex

situ measured resistivity with increasing heating duration. The lowest value of

the thin film resistivity is reached after 12 minutes of heating. Images 6.9(b-d)

show the development of the thin film morphology that correlates with the ex

situ measured resistivity values. The advancing dewetting behavior restricts the

cross section of the thin film and increases the resistivity after longer durations

of heating.

As can be seen in figure 6.9 the four point measurements show an improve-

ment in resistivity with longer heating duration until the counteracting morphol-

ogy change due to dewetting increases the resistivity again. While some of the

absolute values of the four point measurements are below the bulk resistivity –

and therefore include a systematic error – the deviation from the bulk value is

in the range of the deviation between measurements (as seen in figure 5.14 and
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Figure 6.9: Resistivity measurement after heat treatment and correlating SEM images.

(a): In situ resistance measurement and ex situ resistivity measurement. (b): SEM

image of the sample heated to 76 ◦C. The film has not changed much from the as de-

posited state and is continuous. (c): Image of the thin film heated to 650 ◦C. Large holes

are visible but the film is still continuous and can conduct electricity. (c): The sample

heated to 698 ◦C shows large holes and is partially dewetted enough to no longer carry

electricity through parts of the thin film. This increases the resistance of the sample.

figure B.1 that are used to determine the exact resistivity of the as deposited

thin film) and an improvement relative to the resistivity of the untreated thin

film can be seen. This improvement in conductivity is also supported by the

good agreement of the in situ two point measurement with the ex situ four point

measurement.

Picking apart the equation to calculate the resistivity value (introduced with

equation 2.4 and shown again as equation 6.1) as shown in equation 6.2, we can

see that there are only three parts that influence the end result – the resistance

value, probe placement and shape factor.
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ρ =
U

I
· 2π

ln r31r24
r34r21

· t · C(shape) (6.1)

ρ = resistance · (probe placement) · (shape factor) (6.2)

where :

rAB = the distance between points A and B

C(shape) = correction factor for thin film shape, found in literature

The resistance is determined by the fit of a line to the sweep of the four point

measurement. This fit has a R2 value of 0.924 for the measurement of the wafer

heated to 76 ◦C and more than 0.973 for all other samples. The first correction

is for the placement of the probes relative to each other on the thin film and

determined mathematically [33]. The second factor is accounting for the limited

size of the wafer and can be found in literature [34]. Both of theses corrections

are based on one important assumption however: that the size of the thin film

relative to the probe spacing is large. While this is the case when determining

the resistivity of the untreated thin film, it is no longer true when measuring

the resistance after heat treatment. There is less space on the heated samples to

place the probes, because the samples had to be cut – from a square with a side

length of more than 20 mm to a side length of 6 mm – to fit into the crucible of

the heating stage. This limitation forces the probe placement to come closer to

the edges of the thin film than the correction factors can account for and an error

is introduced.

Despite the absolute values of the ex situ resistivity values being measured

as below the bulk resistivity, the resistivity values are in relative accordance

with each other as well as the in situ resistance measurement. This proves the

reliability of the two point measurement to give an insight into the thin film

properties while heating. With the in situ measurement the change in resistivity

is accurately represented once the contact paste has fully cured and with very

simple methods a direct insight into the thin film development can be gained.
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Several ways are available to improve the accuracy of the electrical measure-

ments. Better tooling and thinner wires allow a more precise placement of the

contact points on the wafer. Similarly, a bigger wafer size would achieve the

same effect on the probe spacing relative to the edge of the wafer. This could be

achieved with a large hot plate that is properly insulated. Placing the contact

points closer together and nearer to the center of the sample minimizes errors

that are due to the measurement system. A heating stage with four electrical

contacts can track the resistivity in situ during the heat treatment and remove

the need for a correlation between the in situ measured resistance and the ex situ

determined resistivity as was done in this work. This improves the reliability of

the results.

An optimally conductive film has a very large grain size, as grain boundaries

increase the resistivity [70, 71, 72, 73]. In this work an improvement in conduc-

tivity is visible when heating the thin film as well. This can be correlated with

the increasing grain size, as seen in figure 6.10. The resistivity decreases from

the measurement of the as deposited state to a lower value after 2 minutes of

heating and an optimal value after 12 minutes of heating. The measurement af-

ter 20 minutes of heating shows a reduced resistivity when compared to the as

deposited state, but a higher resistivity when compared to the optimal state, as

the first influences of dewetting show their effect. Despite the measurement at

23 minutes showing the biggest grain size – and therefore minimizing the influ-

ence of these defects on the resistivity value – the resistivity is much higher than

the measurements of the samples heated to lower temperatures. This is because

the progressed dewetting behavior cuts off enough material of the thin film to

counteract the improvement due to grain boundary removal by decreasing the

cross sectional area that can conduct electricity. These counteracting phenomena

– grain boundary removal due to grain growth and cross sectional area reduction

due to dewetting – make it difficult to separate their respective influences at later

stages of heating.

Figure 6.11 shows BSE SEM images of the samples heated for 2 minutes,

12 minutes and 23 minutes (insets 6.11(b), 6.11(c) and 6.11(d), respectively),
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Figure 6.10: In situ resistance, ex situ resistivity and ex situ grains size measurements.

The grain size increases with increasing temperature while the resistance decreases. At

very high temperatures the dewetting effect reduces the cross section of the thin film and

the resistance increases.

Figure 6.11: Development of the grain size during heating, together with corresponding

BSE images. (a): Plot of the grain sizes and a reference curve of in situ measured

resistance. (b-d): BSE images after heating for 2, 12 and 23 minutes. Inset (c) shows

the thin film in the state of minimal resistivity.
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as well as the grain size values and the in situ resistance measurement as ref-

erence (figure 6.11(a)). The thin film heated to 76 ◦C shows the small grains

produced in the deposition process. They had no time or sufficiently high tem-

perature to agglomerate yet and lead to a significant increase in resistivity due

to electron scattering at the many grain boundaries [10,11,72]. The optimal con-

ductivity is reached after heating to 393 ◦C and the corresponding microstructure

is shown in figure 6.11(c). The film shows the initial stages of hole formation

and has much larger grains than the sample heated to 76 ◦C. It is still continuous

in all parts and has the highest electrical conductivity of all samples measured.

Figure 6.11(d) shows the microstructure of the sample heated to 698 ◦C. Despite

further grain growth the reduced area coverage counteracts the gain in conduc-

tivity and causes the resistivity to rise.

Of special interest is the sample heated to 393 ◦C, which resulted in the lowest

resistivity after cooling the sample again. In order to understand the influence of

the heat treatment and grain size this sample will be further analysed.

There are no big holes at this stage of the heating process that would decrease

the cross sectional area that can conduct electricity. Some small holes have formed

that mark the beginning of the dewetting process. An example of the surface of the

thin film can be seen in figure 6.12. The image recorded in the light microscope

(image 6.12(a)) shows no difference when compared to the thin film in the as

deposited state. When inspecting the gold layer in the SEM the impact of the

heat treatment becomes apparent. The thin film has started to form holes that

can be found throughout the sample (image 6.12(b)) but which are small in size

(image 6.12(c)). A change in grain size is also apparent and the line intersect

method confirms a growth of the average grain from 38 nm from the previous

measurement after 5 minutes of heating to 102 nm at the resistivity minimum. A

representative grain is marked and provided with a scale bar in image 6.12(d).

The grain size is an important aspect next to the absence of large holes.

The larger the grains are, the less grain boundaries can scatter the electrons and

the higher the conductivity of the thin film [10, 11]. A grain size distribution of

the wafer with the lowest resistivity can be seen in figure 6.13. While the thin
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Figure 6.12: Optimum sample heated to 393 ◦C. (a): In situ light microscope image.

No holes are visible. (b): Overview of the thin film in the SEM. Holes (marked by

circles) are rare at this stage in the dewetting process. (c): Image of a single hole

with high magnification. No fingering can be seen, the hole is still roughly circular.

(d): Continuous thin film showing the grain size after heating to 393 ◦C. An average

grain is marked and provided with a scale bar.

films heated to higher temperatures show even larger grains, the area coverage is

decreased for those samples and the reduced cross sectional area works against

the improvements of conductivity that are due to the increased grain size. This

effect is not visible for the wafer with the least resistivity as there are no big holes

formed yet.
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Figure 6.13: Grain size distribution of the thin film in the optimum state.
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7 Summary and conclusion

In this work we looked at many different characteristics of thin films, their in-

teractions and their development during heating. These separate influences are

summed up and a conclusion formed for every investigated thin film property.

Using in situ light microscopy, the area coverage of a thin film is evaluated

during heating while at the same time the electrical resistance in measured. To

gain a minimal resistivity value, the substrate has to be covered in full, but a

tradeoff can be reached if higher transmissivity is required.

The number of grain boundaries, and therefore the grain size, plays an im-

portant role in determining the resistivity of thin films [10, 11]. Grain size also

increases with increasing temperature and heating duration [82]. The same effect

of grain growth during the heat treatment was found in this work, as well as a

correlation between grain size and resistivity. The conductivity improves until the

counteracting effect of the reduced area coverage due to dewetting overcompen-

sates the gain in conductivity due to growing grains. The larger the grains can

be made in a continuous film, the lower the resistivity can get.

The thin films showed a strong alignment towards the [1 1 1] direction in the

as deposited state. After the heat treatment this alignment was further improved.

As there was no significant change in grain orientation observed in this work, the

influence of the type of grain boundaries could not be investigated further.

In situ measured resistance shows a characteristic development during heat-

ing, with only slight variations occurring between the different samples. The least

resistance was measured after heating to 393 ◦C within 12 minutes. Since the two

point measurement that is used to determine the in situ resistance includes par-

asitic resistances from the contact points and the wires, a four point resistivity

measurement is required to remove these influences. Nevertheless, the relative

change in thin film resistivity is accurately represented by the simpler two point

measurement.

Before and after heating the resistivity of the thin film was determined with
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a four point measurement. The resulting resistivity and sheet resistance values

correspond well to the measured in situ resistance after more than 10 minutes of

heating – once the contact paste that is used to connect the sample in the heating

stage is fully cured. The absolute values reported by this measurement are in the

range of resistivity values for bulk gold as given in literature [66, 67, 68], and –

more importantly – follow the in situ resistance measurement.

In summary this work demonstrates a direct correlation between the electri-

cal properties of thin films and their microstructural evolution during heating.

The interplay between grain coarsening and solid-state dewetting leads to first

a reduction in resistance followed by a sharp increase. with the here presented

in situ approach, the optimal heating time for a target resistance can be chosen.

We expect that future developments also including the optical properties may

further accelerate the rapid development of thin films with tailored properties.
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8 Outlook

This work touches on a lot of different properties of thin films and thin film

development under temperature influence. Aside from studying every one of these

properties in detail there are many further topics one can take a closer look at.

The E-Beam was used to deposit the thin films because it provides a fine

grain structure, which allows the study of the development of the grain sizes.

There are other thin film deposition techniques available, however. Sputtering

works by using accelerated plasma ions to eject material from a target metal

which is then deposited on the substrate. As well as providing many parameters

in the deposition process, sputtering also leads to a different thin film structure

than evaporation and condensation of a metal. For example, the adhesion of the

deposited layer is much stronger, because the impinging atoms have more energy

to bond to the underlying substrate and the grain size in the as deposited state

is bigger, because the deposited atoms can rearrange into bigger grains thanks to

their high energy [25].

Silicon oxide and silicon nitride are good substrates for electric measurements,

as these materials are not conductive themselves. Other materials can be used,

such as polymers for testing the flexibility of the deposited thin film [85]. The

interface between the thin film and the substrate plays an important role in the

resistivity and is one contributing factor that increases the thin film resistivity

above the bulk value [27]. Changing the substrate can influence the thin film

structure, especially the interface and grain structure [86].

As can be seen in the SEM pictures, the created holes and remaining material

do not form a perfect or regular net. Instead a lot of material is left as islands and

does not contribute to the conductivity of the remaining thin film. One step to

improve this drawback is to use a prepatterned substrate. Such a surface would

provide local changes in bonding energy to the atoms in the deposited thin film,

which will then dewet preferably at the prepared locations. Using this technique,

a more consistent pattern of holes and material bridges can be created, and
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therefore the amount of film that remains as islands can be reduced [9, 65, 87].

If no material is cut off from the current conducting path, the resistivity of the

partially dewetted thin film will only increase minimally. By tuning the remaining

morphology, the transparency can be optimized together with the conductivity,

potentially resulting in flexible, transparent electrodes.

The thin film thickness used in this thesis was limited to 20 nm for the in situ

experiments. A residual area coverage of no less than 70 % while still conducting

electricity does not allow enough light to pass through for an efficient transparent

electrode. One method to increase the transparency next to prepatterning is the

deposition of thinner metal films. The less material the light has to pass through,

the less light is attenuated and the more light can reach through the thin film. In

literature, thin films with a thickness as low as 2 nm are investigated to produce

transparent, conductive electrodes [8, 12,88].

In this work, gold was used as the thin film material, because it does not

oxidize over time. However, gold would not be an economic material to use in

large quantities. It is therefore important to study different materials and their

behavior during heating. Copper is used a lot in electronic applications due to its

good conductivity and is therefore an interesting subject for these experiments.

We already performed preliminary experiments with copper instead of gold. The

resulting thin film is continuous and conducts electricity, but oxidizes in air and

especially at higher temperatures. The thin film has to be treated carefully from

deposition to dewetting in order to prevent the loss of conductivity due to oxide

formation. When heating the copper thin film in ambient air without protective

atmosphere, the thin film undergoes oxidation, first forming red Cu2O and later

blue CuO. The development can be seen in figure 8.1. It is necessary to prevent

the formation of copper oxides to provide good conductivity [89].

A constantly increasing temperature was used when heating the samples in

order to guarantee a dewetting of the thin film. Due to the dependence on tem-

perature, the speed with which a thin film dewets increases exponentially with

increasing temperature [90]. If the exact temperature is known at which the thin

film decomposes reasonably quickly, an isothermal experiment, in which the tem-
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Figure 8.1: Development of a copper thin film when heated. (a): Relative change in

resistance during heating. Oxidation reduces the conductivity of the thin film. (b-d): The

changing appearance of the copper thin film, from the brown color of the deposited copper

to the red colors of Cu2O and the blue appearance of the CuO.

perature is raised quickly and then held constant, would improve the real world

relevancy of the experiment. Many other works on the topic of solid-state dewet-

ting use isothermal heating [9, 64, 90].

Because of the limitations of the heating stage only a two point measurement

during heating was possible. This merely allows for a measurement of the resis-

tance of the whole system, including contact points and contact wires. To measure

the resistivity or sheet resistance of the thin film system in situ, a stage with four

contact points is necessary. An in situ four point measurement would allow the

direct and precise electrical characterisation of the thin film during heating and

while the process of dewetting is taking place.
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A A note on sheet resistance and resistivity

In this work, I almost exclusively used the measure of resistivity to compare

the thin films and quantify their electrical properties. This is in line with a

lot of papers on the subject of fundamental physical properties of materials

(e.g. [66, 70, 71]), as the resistivity is one such property. Many works on trans-

parent electrodes however use sheet resistance instead of resistivity to determine

the quality of the electrodes. Since many alternatives to thin film electrodes, like

nanowire [6, 15], nanotrough [85] and connected particle networks [91] do not

have a characteristic thickness, the intrinsic resistivity of the used material can

not be directly converted to sheet resistance and is of no special interest. For

thin films, the two properties can be easily transformed into each other with the

equation 2.5:

Rsq =
ρ

t
(1)

where :

Rsq = thin film sheet resistance

ρ = thin film resistivity

t = thin film thickness

As this work focuses on the optimal treatment of thin films, the intrinsic

property is of more interest and was therefore chosen to keep a consistent unit

throughout the work. It should be pointed out, however, that the resistivity for

the partially dewetted film does not increase as is shown in figure 5.17. Instead

this value represents the resistivity of a 20 nm thin film with the same sheet

resistance as the partially dewetted sample. The resistivity can not account for

the thin film morphology changes.

B Determining the exact resistivity

While the plot shown in figure 5.14 was not used to determine the exact value of

the resistivity for the untreated film, it shows how the resistivity of the thin films
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with a thickness of 20 nm that were used in this work does not deviate strongly

from the linear best fit. This means that films with such a low thickness do not

show an abnormally high resistivity due to uneven film deposition.

In order to calculate the thin film resistivity, two correction factors are needed

which I was unaware of when performing the first measurement. One is to correct

for probe placement not in a straight line, as is shown in the difference between

equation 2.3 and equation 2.4. This correction is purely mathematical and, given

the exact probe positions, can be determined perfectly [33]. Another correction

factor needed to calculate accurate thin film resistivities is to correct for the shape

of the wafer. The equations used to calculate the resistivity from the resistance

determined in the four point measurement are derived with the assumption that

the thin film is infinitely large, compared to the probe spacing [32]. In real world

applications this is never the case, but for large wafers and close probe spacing,

the assumption is a good approximation. Since this is not the case for the mea-

surements performed in this work, the correction factors found in literature have

to be applied [34].

Another experiment was performed and the correction factors applied for

every measurement. The results can be seen in figure B.1. Only thin films with a

thickness of 80 nm, 100 nm and 120 nm were used. The best fit through this data

results in the resistivity value of (26.92 ± 0.74) nΩ m mentioned in chapter 5.

When determining the resistivity after heat treatment, the limited space on

the wafer is further restricted by the remaining contacts of the in situ two point

measurement. In order to be able to apply the correction factors found in lit-

erature, a rectangular film is needed [33, 34]. This was achieved by scratching

a rectangular perimeter in the remaining thin film, into which the contacts are

placed. The experiment was performed under a stereo microscope in order to

determine the exact probe placement.
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Figure B.1: The points used to determine the exact resistivity of the deposited thin film

together with a linear best fit. The points were corrected to account for the increase in

measured sheet resistance due to wafer shape and probe placement [33, 34]
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