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Chapter 1

Introduction

1.1 Background

In recent decades, the interest for different hard transition metal nitride coatings

deposited with various techniques, has grown considerably. There are many differ-

ent transition metal nitride coatings used in industry today, e.g. ZrN, CrN, TiN,

TiAlN, CrAlN etc. Therefore research on these materials play an important role

in science, technology and industry. The demand for tailored and enhanced ma-

terials are continuously growing. The transition metal nitride compounds possess

properties like high hardness, wear and corrosion resistance, low friction and are

often compatible for use at elevated temperatures. This makes them ideal for use

in aggressive environments, such as in tools for cutting and drilling and as piston

rings in car engines. The use of a metal nitride coating is well known to prolong

the lifetime of the tools used [1]. There are also many other interesting areas,

where these materials can be used, such as decorative coatings or in optical and

electrical applications etc.

High speed steel (HSS) is one of the most common compounds for making

tools. Even though there are materials that are superior to HSS (like cemented

carbides, diamond etc.) in many senses such as hardness, wear and temperature

resistance etc., HSS is still often used because of its cost efficient production and

machinability. Its major disadvantage is its relatively low hardness, wear, ther-

mal and oxidation resistance. Therefore, there is a high demand for high density,

corrosion and wear resistant hard coatings with excellent adhesion to steel, not

only for cutting tools, but for a wide range of applications, e.g. in metal form-

ing, plastic molding, machining and automotive industry as well as in decorative
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2 Introduction

applications. Existing PVD techniques such as conventional magnetron sputter-

ing and arc evaporation suffer from a porous microstructure and a relatively poor

adhesion, due to the low ionization in the former or from defects generated by

macroparticles in the latter case [2]. Important to the performance of coatings,

especially in demanding metal cutting applications, are the corrosion resistance

and the adhesion to the substrates [3].

The technique employed in this thesis for thin film depositions is magnetron

sputtering (MS). This technique has been proven to have a relatively high deposi-

tion rate (∼ 1 µm/min) and a possibility to form a wide range of ceramic, metallic

or other compound films. The main advantage is the low growth temperature

and the possibility to grow metastable phases. Conventional dc magnetron sput-

tering processes suffer from fundamental problems such as low target utilization,

target poisoning and low ion flux in the substrate vicinity [4], giving a porous

film microstructure and poor substrate-coating adhesion. It has previously been

shown, though, that pretreatment of the substrate surface, enhances the adhesion

of the transition metal nitride coatings. Plasma nitriding, buffer layers and ion

implantation has commonly been used to increase the adhesion of the film to the

substrate [5, 6, 7].

In this thesis, a relatively new method called High Power Impulse Magnetron

Sputtering (HIPIMS), has been utilized in the adhesion enhancing pretreatment

step on HSS substrate. After this, a subsequent hard and wear resistant CrN coat-

ing is deposited with conventional direct current MS (dcMS). This new HIPIMS

method, has been proven to give several orders of magnitude higher ion densities

than conventional dcMS [8], resulting in a higher metal ion flux on the substrate

during growth. This can be utilized to etch/clean the substrate surface, to implant

the substrate surface or deposit a dense metallic interlayer to improve the adhe-

sion of the subsequently grown CrN layer depending on the process parameters

[6]. The interface microstructure between the substrate and the deposited films

has been investigated and correlated to the adhesion of the film to get a better

understanding of how the adhesion can be optimized.

1.2 Aim

Previous work shows, as stated above, that pretreatment of the substrate in a

highly ionized plasma improves the adhesion of the coating. The aim of this thesis

is to employ HIPIMS in the pretreatment step and investigate the adhesion of the

subsequently grown coating and correlate it to the microstructure at the inter-
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faces. These evaluations will be done on HSS substrates coated with chromium

nitride (CrN) and the substrate surface will be pretreated in an inert atmosphere

using a chromium (Cr) target. The pretreatment parameters has been altered and

the the samples were also annealed to investigate how thermal diffusion affects

the microstructure and therefore also the adhesion. The parameters that have

been varied are substrate bias and substrate temperature during the pretreatment

step while the dcMS deposition parameters have been kept constant. To investi-

gate the adhesion, scratch tests were performed to evaluate the adhesion of the

films. Transmission electron microscopy (TEM) was employed to investigate the

microstructure in the interface region of the different samples. Characterization

and quantification of the interface region were also be performed by doing linescans

in analytical scanning TEM mode.

1.3 Thesis outline

The thesis starts with Chapter 2, containing information about how the coatings

produced in this thesis were deposited. This chapter also contains information

about the materials used. After this, Chapter 3, contains the description of all the

experimental techniques employed in the thesis, followed by Chapter 4 containing

all the results from the experimental work. The final two chapters, 5, 6 contains

the discussion and conclusions.
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Chapter 2

Thin Film Deposition and

Growth

2.1 Overview

Many different techniques can be used for the production of thin films. These

techniques can be divided into two large categories. These are the chemical vapor

deposition (CVD) and physical vapor deposition (PVD) techniques. Generally,

CVD is a technique where gaseous precursors are introduced which react and form

the film on the substrate. To do so, a chemical reaction needs to occur on the

surface, consequently the temperature needs to be sufficiently high, in the range

of 1000°C and above [9]. This high temperature can be good for the diffusion at

the interface and an increase in bonding between the substrate and film is achieved

as discussed in section 2.6. One main disadvantage is, however, that the homol-

ogous temperature, i.e. the ratio between growth temperature and the melting

temperature, TS/TM , is about 0.8 in many cases. This causes recrystallization, i.e

a change of microstructure and phase composition and even softening (opposite

of age hardening) of the substrate material or deforming and melting can occur.

To prevent this, lower growth temperatures are preferred. This can be achieved

with Plasma Assisted CVD (PACVD). This method utilizes a plasma to enhance

the chemical reaction rates of the precursors. PACVD processing will thus allow

deposition at lower substrate temperatures, around 700°C [10].

In PVD, the source material is a solid. The target material is then, by different

means, transformed into vapor phase by, e.g. thermal evaporation or sputtering,

5



6 Thin Film Deposition and Growth

and transported to the substrate surface. This allows for deposition at lower tem-

peratures. In contrast to CVD, film growth occur far beyond thermal equilibrium

so that metastable phases can be produced. The chemical composition of the de-

posited film can also be changed by introducing different kinds of reactive gases in

order to form nitrides, oxides, carbides or even more complex compounds [9]. The

method used in this thesis is a plasma enhanced PVD process called Magnetron

Sputtering (MS).

2.2 Plasma Introduction

The term plasma was introduced in 1929 by Irvin Langmiur [11] to describe the

behavior of ionized gases in high current vacuum tubes. It is believed that about

99% of the universe consists of this type of matter. A plasma is a partially or

fully ionized gas with properties different from ordinary gases, liquids and solids.

The plasma is also quasi neutral, which means that the plasma is neutral averaged

over a large volume. This means that the electron and ion densities (ne and no)

are almost the same. The plasma density (n) is defined as n ≈ ne ≈ ni. The

ionization degree, α, in a plasma is given by [12]:

α =
ni

ni + n0
, (2.1)

i.e the ratio between the ion density and the sum of the ion and neutral (n0)

densities.

When a plasma is confined inside a chamber, so called sheaths will be formed

around all conducting areas. This can be understood since the electron velocity,

ve, is much larger (> 100 times larger) than the ion velocity, vi. The velocities

usually follows a Boltzmann distribution and the most probable electron velocity

typically lies around 2 eV. The corresponding electron temperature is about 23000

K, but since their heat content is so small the chamber will not be considerably

heated. Due to this high velocity, the electrons will rapidly be lost to the walls and

a positive net charge density is formed near the walls. The positive potential of the

plasma, compared to the surrounding walls, will exert a force on electrons directed

back into the plasma and the ions entering the sheath will be accelerated towards

the wall. The potential between the anode and the cathode in a plasma is shown

in Fig. 2.1. It is called that the plates are ”self-biased“ as they automatically have

a lower potential than the plasma itself. Note that the major potential drop is

concentrated to the sheath regions even if an external field is applied. Note also,
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that the plasma is never in thermal equilibrium, since the species in the plasma

always have different temperatures.

Figure 2.1: Figure showing the behavior of the potential between two plates, one
grounded anode and one cathode at a negative potential, immersed in a plasma.
Vp is the plasma potential.

Another quantity characterizing the plasma is the Debye length, λD. This is

the length scale on which the plasma tend to be neutral and the sheaths are usually

in the same scale. The Debye length can be calculated from Poisson’s equation

and is given by [12]:

λD =

√

ε0kTe

e2
0ne

(2.2)

where ε0 = Dielectric constant [As/Vm]

k = Boltzmann constant [J/K]

Te = Electron temperature [K]

e0 = Elementary charge [C].

2.3 The Sputtering Process and its Surface Inter-

actions

Sputtering is a physical process in which atoms are ejected into the gas phase due

to bombardment. This process is commonly used for thin-film deposition, as well
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as analytical techniques. In the following, the sputtering process will be explained

more in detail.

Ions, or in general highly energetic species, are impinging on the surface of a

solid. Sputtering is driven by the momentum and energy transfer between these

impinging ions and the atoms on the surface due to collisions. Collisions between

the atoms can result in that energy is transferred from the impinging species to

the surface near atoms allowing for some of them to leave the surface.

As seen in Fig. 2.2, several interactions are possible between the ions and

the surface, i.e incoming ions can adsorb, stick, be implanted or reflected back.

They can also scatter, eject or sputter surface atoms. The bombardment of the

surface will also cause the surface to emit charged particle (e.g secondary electron

and ions) and photons. The topology of the surface will also be altered and

the mobility of adsorbed species will be enhanced due to this ion bombardment.

When it comes to the sputtering, three energy regimes have been identified, i.e.

Figure 2.2: Schematic showing the possible interactions between the incoming
ions and the solid surface during the sputtering process [13].

the single knock-on (low energy), the linear cascade (intermediate energy) and the

spike (high energy) regimes, as seen in Fig. 2.3. In the single knock-on regime,

the energy is low so that the recoil atoms do not induce a cascade. If enough

energy is transferred to target atoms, they can overcome the forces that binds

them to the surface and leave the surface. The minimum energy needed is called

the threshold energy (Eth) and is usually about 5-40 eV, low for metals, higher
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for ionically bonded materials and even higher for covalently bonded materials. In

the linear collision cascade regime the impinging species have enough energy to

start collision cascades. These collisions have a sufficiently low recoil density and

the resulting process is sputtering. The last regime, the spike regime, is when high

energy species (> 100 eV) are impinging on the surface. The majority of atoms

within the “spike volume” move during the collision cascade. The “spike volume”

means the spatial region in which a very dense collision cascade is propagating

and the sputtering of atoms is a result of thermal evaporation.

Figure 2.3: Sputtering energy regimes: a) Single Knock-on (low energies), b)
Linear Collision Cascade, c) Spike (high energies) [9].

The number of sputtered atoms from the surface per incident particle is called

the sputter yield (S) and this an important measure of the efficiency of the sput-

tering process. The sputter yield is a quantity that depends on the impinging ion

energies Ei, the ion masses mi, the target atoms and impinging ions atomic masses

mt and mi and the surface binding energy Eb. Typical values of the sputter yield

are S ∼ 10−1−10 but values as high as 103 has been measured [9]. The expression

for the sputter yield is as follows:

S =
3

4π2

Ei

Eb

4mima

(mi + ma)2
α

(

ma

mi

)

(2.3)

where the function

α

(

ma

mi

)

= 0.08 + 0.164

(

ma

mi

)0.4

+ 0.0145

(

ma

mi

)1.29

. (2.4)

Typical energy values for the sputtered species are between 5-100 eV. The
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energy transported to the surface by the impinging species is often much larger

and sufficient cooling of the target is thus necessary to prevent melting of the

target.

2.3.1 Diode Sputtering

In diode sputtering, the atoms or molecules to be deposited are transferred to the

substrate in vapor phase and form a film on the substrate and the surrounding

chamber walls. To create this vapor phase from the target material, a voltage is

applied to the cathode. To start the sputtering process, an inert gas, usually Ar-

gon, is introduced into a vacuum chamber resulting in pressures in the range from

mTorr to tens of mTorr. The charges, which are always present will be accelerated.

While being transported towards the anode the electron undergo collisions with

the inert gas. If the kinetic energy of the electron is sufficiently high the gas will

be ionized. The electrons are yet again accelerated and colliding, resulting in an

avalanche that can sustain the ionization of the gas, i.e a plasma consisting of a

mixture of gas ions, electrons and neutrals is created. The positive ions created in

these collisions will be accelerated through the cathode sheath potential towards

the cathode (target). They will collide and knock out target material and also

secondary electrons as discussed above. These electrons are crucial for the sput-

tering to occur since they ionize the inert working gas responsible for knocking

out target species.

This sputtering process of target atoms will be sustained as long as the applied

potential is present. Using this technique, a large portion of the electrons will

escape from the target and not contribute to the ionized plasma glow area, but

they will instead be caught by the chamber walls. This is because at low gas

pressures, the cross-section for collision is so low, that the electron has a high

probability to be able to diffuse to the chamber wall without any collision. If the

pressure is increased, the cross-section also increases, but instead, the electrons do

not have time to gain enough kinetic energy to be able to ionize the gas atoms, i.e

the plasma glow discharge is suppressed.

2.3.2 Magnetron Sputtering (MS)

To confine these escaping electrons close to the target and enhance the ionization

of the inert working gas, an external magnetic field, B, can be applied and the

technique is then called magnetron sputtering. This will then of course also have

a confining effect of the whole plasma. Furthermore, a lower gas pressure can be
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used because of the increase in electron density close to the cathode. This will,

since less ions will collide with neutral gas species, also increase the sputtering and

the deposition rate at the substrate. The magnets building up the magnetron are

most often positioned behind the target, as seen in Fig. 2.4, but there are also

other ways of changing the magnetic field [14]. This applied magnetic field will

force the electrons into a helical motion around the magnetic field lines. When the

applied electric and magnetic fields are perpendicular, the force on the electrons

will cause them to repeatedly return to the target in a cycloidal motion. The same

applies to the ions in the plasma, but the orbital radius will be larger since they

have a larger mass. Atoms will not be affected by the fields, since they carry no

charge. Note that this type of movement is confined to the sheath regions, since

this is the place where both fields are present. Outside this region, the electrons

will only experience the B-field and start only an orbiting motion around the field

lines until collisions knock them towards either the cathode, substrate or anode.

The force acting on the charged species in the dual field environment is that from

the electric field together with the well-known Lorentz force:

F =
mdv

dt
= q(E + v × B) (2.5)

where F = Force acting on the particle [N]

m = Particle mass [kg]

q = Particle charge [C]

v = Particle velocity [m/s]

E, B = Applied electric and magnetic fields [V/m], [T].

When using balanced magnetrons, which means equally strong magnets, as

shown in figure in Fig. 2.4(middle), the plasma is confined to a region close to

the target. Therefore, no plasma is available at the substrate to activate reactive

gases and the ion bombardment for modification of the growing film is suppressed.

This problem can be overcome by unbalancing the magnetrons. This can either

be achieved by strengthening the magnetic fields at the edge of the target (Type

II magnetron) or by strengthening the pole in the middle (Type I magnetron), see

Fig. 2.4. This will allow for a larger portion of the secondary electrons to escape

from the near cathode region, thus increasing the plasma density (∼ 102 times

larger) at the substrate. One drawback of the magnetron sputtering method is

that sputtering will be limited to the area of the target where the E- and B-fields
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Figure 2.4: Simple cross-sectional schematic of a circular magnetron showing
the magnetic field lines for the different kinds of magnetron configurations [9].

are perpendicular (race track), leading to that only a small portion of the target

can be utilized.

In conventional magnetron sputtering the ionization degree is very small, typ-

ically only a few percent can be achieved. However, for most applications ionized

sputtering is preferred, since the direction and kinetic energy of ions are easily con-

trolled. This can be utilized, for example when a good step coverage and guiding

of the deposition is wanted. Guiding and setting the kinetic energy of the ion flux

can be done by applying electric and/or magnetic fields, e.g by applying a negative

bias voltage Ub to the substrate. Positive ions close to and in the substrate sheet

region will be accelerated and gain the kinetic energy set by the applied bias before

impinging on the substrate surface. If a high ionization degree is achieved, this can

be used to deposit film in deep trenches and vias and ultimately, it will improve

the quality, density and adhesion of a coating. It is also possible to decrease the

deposition temperature due to the increased energy transfer to the adatoms. The

origin of these improvements is the high kinetic energy of the ions. When the

ions impinge on the substrate surface, they need to be mobile to be positioned at

the most energetically favorable place on the surface. When the deposition flux is

weakly ionized, the energy needed for the mobility of the atoms on the surface can

be added by for example raising the substrate temperature. This is not needed

when the ion density is high, the energy will be provided by the ions instead.

When the deposition flux consists of more ions than neutrals (ΓM+ > ΓM ), the

method is referred to as Ionized PVD (IPVD).
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2.3.2.1 Direct Current Magnetron Sputtering (dcMS)

Direct current magnetron sputtering is used for sputtering conducting materials

and for reactive sputtering of compounds. Typical parameters used when using

dcMS are summarized in Table 2.1. The low ionization degree achieved in dcMS

is, however a drawback in applications, where high ion flux and directionality of

the incoming flux is desired. The larger power density supplied to the target, the

higher sputter yield and larger degree of ionization can be achieved. However, a

problem is that the power that can be applied is limited since too high power will

melt the target due to insufficient cooling. But there is a solution to this problem

that will be discussed in the next section.

Parameter: Value
Cathode Voltage 300-700 V
Magnetic Field Strength 0.1-1 T
Gas Pressure 1-10 mTorr
Target Current Density 100 mA/cm2

Target Power Density 50 W/cm2

Table 2.1: Typical process parameters used in dcMS [8].

2.3.2.2 High Power Impulse Magnetron Sputtering (HIPIMS)

In this method, high voltage pulses (several 100 V to several kV) with a duty factor

lower than 1% is applied. HIPIMS has been demonstrated to give high plasma

densities without overheating the target. With peak power densities, typically of

several kW cm−2, plasma densities up to 1019 m−3 in the vicinity of the substrate

can be achieved. This gives a highly ionized metal plasma with ionization degrees

that ranges from 30-70% with a peak value up to 90% reported for Ti [6]. The

pulses generated by the power supply depend on the power supply itself, but also

on the target material and gas pressure. A typical HIPIMS pulse is shown in Fig.

2.5. In this pulse, 1000 V is applied to the target during the pulse, resulting in a

cathode current of 200 A. This value for the current should be compared to about

I = 2.4 A, in the case of a continuous dc voltage of 1.0 kV.

This increase in target current reflects the tremendous increase in ion density

in HIPIMS. Another interesting observation made, when recording the pulse in the

oscilloscope, is that it takes about 24 µs for the plasma to ignite after the voltage

is applied to that target. On the other hand, the high plasma density achieved

with this method is sometimes sustained several hundred microseconds after the
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Figure 2.5: Typical HIPIMS pulse with a peak voltage Up = 1.0 kV resulting in
a peak current Ip = 200 A and a peak power of Pp ≈ 0.2 MW.

pulse has been shut off as reported in ref. [8], depending on power supply design.

2.3.2.3 Reactive Sputtering

In reactive sputtering, thin films of compounds are deposited by sputtering from

a metal target in the presence of a reactive gas, such as N2, O2, CO2, C2H4

and CH4 etc. Most often a mixture of an inert working gas, usually Ar, and a

reactive gas is used. The resulting film will then either be a solid solution alloy

of the target doped with the reactive gas (e.g. CrN0.01) with a wide range of

composition, a compound (e.g. CrN) or a mixture of these two. If a metal target

is used and a reactive gas is let in, the gas will react with the metal deposited

at the substrate but also with the target surface. This is a drawback since the

sputter yield for compounds is lower than for a metal so the deposition rate will

drop. Additionally, the reactive gas will react with the chamber walls, consuming

the reactive gas. Therefore, the total system pressure will be almost unchanged

during the initial increase in reactive gas flow and when decreasing the gas flow, a

hysteresis behavior can be observed, as seen in Fig. 2.6. The explanation to this

is as follows. The chamber walls serves as an extra ”pump“, keeping the pressure

down because the reactive gas is reacting with the walls, reducing the amount of

reactive gas in the chamber. At a certain flow limit, a small increase in flow will
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increase the pressure dramatically due to the saturation of this extra pump. When

decreasing the flow, the compound formed on the target and chamber walls need

to be removed in order for the extra “pump” to function again. This will occur at

a lower flow than the compound formation gas flow. This effect can be minimized

by using a vacuum pump with a very high pumping speed. The effect is most

visible when sputtering in a highly reactive system like aluminum in an Ar+O2

gas mixture.
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Figure 2.6: Example diagram showing the reactive sputtering hysteresis effect
when increasing and decreasing the reactive gas flow.

2.4 Nucleation and Growth of Thin Films

When the substrate is exposed to the vaporized deposition species, small clusters

or islands are formed on the surface, see Fig. 2.7. If the growth temperature

and particle bombardment is low, the distribution of these island are randomly

oriented but otherwise a uniform distribution on the surface and high mobilities

can be achieved due to the higher temperature. This is of course dependent on the

nature of the substrate surface energies. Subsequent deposition will make these

islands to grow in size. Soon, the density of clusters are saturated and the clusters

start to coalescence. The density of islands decreases and substrate area is again
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free, giving the vapor the opportunity to nucleate on the substrate. The coales-

cence of clusters will then continue until a connected network with unfilled channels

between them forms. These channels will be filled as the deposition continues. The

coalesced clusters sometimes preserve their initial crystal orientation and coarsen-

ing of the grain will occur. There are three basic growth modes observed for film

(a) The evolution and coalescence of the
islands formed on the substrate [15].

(b) Simulation showing the formation of the initial
clusters on the substrate [16].

Figure 2.7: Images of the initial nucleation stages during thin film growth

formation. These are the three dimensional island (Volmer-Weber), the two di-

mensional layer (Frank-van der Merve) and the Stranski-Krastanov growth modes.

These growth modes are illustrated in Fig. 2.8.

The island growth mode occurs when the atoms deposited are more strongly

bound to each other than to the substrate, e.g. metal growth on oxidized substrate.

A small stable cluster nucleates on the surface and grows in three dimensions. In

this growth mode, it takes some time to form an entire layer since this only happens

when the islands are so large that they overlap. When the layer growth mode is

initiated, the atoms are more strongly bonded to the substrate than to each other.

This results in a two dimensional layer by layer growth. If the bonding energy to

the subsequent layer decreases towards the bulk value as the growth continues, this

growth mode is sustained and epitaxial growth can occur. The third growth mode

is commonly observed and is a mixture of the two others. For example, after a

few monolayers of growth, layer growth is no longer favorable. The binding energy

does not decrease monotonically towards the bulk value, and island formation is

initiated. This growth mode is common in metal-metal growth systems.

The morphology, microstructure and crystallographic orientation of the thin

films depend on the growth conditions. The structure of the deposited film can,
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Figure 2.8: Schematic showing the different growth modes [17].

in many cases, be depicted using a so-called structure zone model, see Fig. 2.9.

In this chart, the temperature is the ratio of the growth temperature, TS , with

respect to the melting temperature TM , i.e. the so called homologous temperature

(TS/TM ) and the Ar pressure is given in mTorr.

At low deposition temperatures (zone I), a porous structure is deposited. Be-

cause of low surface diffusion, a rough film surface is formed, which ultimately

lead to atomic shadowing. This shadowing, is responsible for the continuation of

growth in a porous structure.

When a higher substrate temperature is used (zone T), orientation selection

during coarsening is incomplete and the crystallites are almost randomly dis-

tributed and there is a wide distribution of grain sizes. In this temperature range,

the adsorbed atom (adatom) surface diffusion is significant and epitaxial growth

on individual grains can occur. This will result in a columnar structure in the

z-direction. Furthermore, in zone T, there will be competitive growth, i.e. specific

crystal growth directions will be preferred since there is an anisotropy in surface

energy and surface diffusion. As an example of this, two CrN grains growing in

the [111] and [002] directions, respectively, can be considered. The (002) surface

has a lower surface energy and diffusion, resulting in a higher sticking probability

of the adatoms. This will favor growth in the [002] direction and limit the [111]



18 Thin Film Deposition and Growth

growth. A surface roughness, comparable with the grain size, is a consequence of

this type of growth, due to shadowing effects.

At even higher temperatures (zone II), bulk diffusion is more significant. Grain

boundary migration occurs, i.e. atoms move from one grain to another in order to

minimize the free energy of the system. Large grains with low surface energy and

grain boundary area will be favored. This grain boundary migration will occur

during the film thickening process and not only during the coalescence. This type

of growth results in dense film with large columnar grains.

The growth temperature is affecting the mobility, nucleation and growth of the

adsorbed species, but these quantities can also be manipulated by a high incoming

flux of energetic particles, e.g. ions. As a result, the substrate temperature can

be decreased.

Figure 2.9: Thin film formation structure zone model [16].

2.5 Thermal Interface Diffusion and Phase Trans-

formation

Diffusion in a thin film is different compared to a solid. Since a film has disloca-

tions and grain boundaries, the diffusion in thin films are often several orders of

magnitude higher at low temperatures than that for bulk samples. The diffusion

trough a single grain can be divided in three different components, lattice, grain
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boundary and dislocation diffusion, all of which are characterized by a similar

expression for the diffusion coefficient:

Di = D0ie
−( Ei

RT ) (2.6)

where Di = Diffusion coefficient [cm2/s], i = type of diffusion

D0i = Diffusion constant for type i [cm2/s]

Ei = Activation energy [J/mol]

R = Molar gas constant [J/mol K]

T = Temperature [K].

The grain boundary diffusion is the mechanism responsible for the extreme in-

crease in diffusion in thin films. Even though they are very narrow, they serve as

a pathway through which a major amount of mass is transported and the activa-

tion energy for diffusion is low. As the temperature is increased and the activation

energy for lattice diffusion is reached, the difference is no longer as large and an

almost uniform diffusion occurs.

As an example of diffusion induced phase transformation, the materials used

in this thesis, Cr and CrN, will be used. The Cr-N phase diagram is shown in

Fig. 2.10. If there is an interface between Cr and CrN and the temperature is

Figure 2.10: Cr-N phase diagram.

high enough for diffusion to occur, Cr will diffuse from the Cr-rich areas and N
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will diffuse from the N-rich areas. This will force the formation of a new phase,

e.g. Cr2N.

2.6 Adhesion and Interfaces

The adhesion of a film to the substrate depends macroscopically on the film and

substrate surface energies (γf and γs) and the interfacial energy (γfs), but these

parameters are not the only ones determining the adhesion. The type of interface

that forms is also crucial for determining the adhesion strength. At least four types

of interfaces can be distinguished and these are shown in Fig. 2.11. The abrupt

interface (Fig. 2.11(a)) is characterized by a sudden change from film to substrate

(1-3 nm) with low interdiffusion of atoms. This interface architecture comes from

low interaction between substrate and film, causing low adhesion. In this case, the

adhesion may be improved by roughening of the surface, by for example plasma

cleaning. Plasma cleaning is a method where inert gas ions are accelerated towards

a surface, i.e cleaning and roughening it by etching of high energy ions. A drawback

with this method is that inert gas atoms will be implanted in the substrate, often

as interstitials since they do not react with the surface atoms. This will strain the

top layer of the substrate, degrading the interfacial bonding strength.

The second type is the so called compound interface (Fig. 2.11(b)). This inter-

face forms through chemical reactions at the interface or through interdiffusion of

substrate and film atoms, forming a compound layer at the interface. Due to vol-

umetric changes, the interface volume is often stressed, unfavorable for adhesion.

Generally, if the layer is thin, the adhesion is good and vice versa.

A gradual change in composition is seen for the third type of interface (Fig.

2.11(c)). This gradual change is due to diffusion of atoms. Different atom mobili-

ties can sometimes cause voids at the interface (Kirkendall viods) and this is not

preferential for good adhesion. On the other hand, when these voids are avoided,

this gradual change in composition seems to enhance the substrate-film adhesion.

This gradual change can be achieved by depositing an intermediate (glue) layer

between the substrate and the film. As in the case in this thesis, Cr is deposited

in a pretreatment step to enhance the adhesion of the subsequently deposited CrN

layer. High energy ions impinging on the substrate causing implantation is another

way to get this gradual interfacial architecture.

The last type of interface is the mechanical interface (Fig. 2.11(d)). This

interface architecture is characterized by mechanical interlocking of the depositing

material with a rough substrate surface. There is no continuous fracture path
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induced here so good adhesion is often the result. This roughness of the substrate

can be achieved by the plasma cleaning technique mentioned above.

(a) Abrupt interface. (b) Compound interface.

(c) Diffuse interface. (d) Mechanically anchored interface.

Figure 2.11: Schematics of different sunbstrate-coating interfaces.

2.7 Materials and Compunds Used

2.7.1 Transition metals

There are many different transition metals in the periodic system ranging from

group three to twelve, for example Titanium, Chromium, Vanadium and Iron to

name some of them (see figure 2.12). These groups are called the d-block in the

periodic table and refer to that these elements or their ions all have partly filled

d-orbital subshells. Sometimes group twelve is excluded from the transition metals

since they do not share this property. Because of the electrons in the d-orbital
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these metals usually have high tensile strength, melting point etc. This is because

these electrons can be shared between many of the nuclei in the metal bulk and,

therefore, the bindings between the atoms are promoted.

Figure 2.12: The periodic table - Group IIIB to IIB are called the transition
metals.

In most concerns the transition metals behave as any ordinary metals, but

they have some special properties that distinguishes them. Valence electrons are

not only available in the outer shell, but they are present in more than one shell.

This is the reason why the transition metals can form many different oxidation

states (see Fig. 2.13) and many different bonds to other elements. For example

Ruthenium can form up to seven different oxidation states.

Figure 2.13: Oxidation states of transition metals [18].

2.7.1.1 Chromium

Chromium is a silvery hard metal with a high melting point, TM = 2180K. It is also

very unstable in oxygen containing atmosphere and will form a thin oxide layer
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immediately when subjected to oxygen, that will protect the underlying metal.

Some data about Chromium can be found in table 2.2 below.

Properties Structure:
Atomic mass 51.996 g/mol
Density 7.15 g/cm3

Melting Point 2180 K
Crystal structure BCC
Lattice parameter 291 pm
Young’s modulus 279 GPa
Shear modulus 115 GPa
Bulk modulus 160 GPa
Vickers Hardness 1060 GPa
Electrical Resistivity 125 nΩm (at RT)
Thermal conductivity 93.9 W/mK (at RT)
Thermal expansion 4.9 µm/mK (at RT)

Table 2.2: Properties and structure of Cr.

2.7.2 Transition Metal Nitrides

Historically, transition metal nitrides are fundamentally and technologically im-

portant because of their hardness, strength, durability and corrosion resistance and

are useful for their optic, electronic and magnetic properties. Transition metals

form a wide variety of interesting compounds with nitrogen. For most transition

metals, there are several known crystallographic phases with different N content.

A common use for transition metal nitride coatings are for edge retention and

corrosion resistance on machine tooling, such as drill bits and milling cutters,

often improving their lifetime by a factor of three or more. Some transition metal

nitrides have attractive colors, for example TiN and ZrN has a shining gold color,

that is used to coat costume jewelry and automotive trim for decorative purposes.

Such coatings have also been used in implanted prostheses. For this thesis, CrN

was used as a model system.

2.7.2.1 Chromium Nitride

Chromium nitride is most often used as a wear resistant coating and it has a

gray color. It exists in two pure phases, hexagonal Cr2N and cubic CrN. If there

is an excess of Cr or to little N present, formation of hexagonal Cr2N occurs.

Even though Cr2N has a higher melting point and hardness than CrN (TM,Cr2N =

1650°C and TM,CrN = 1080°C), it is unsuitable as a wear resistant coating due
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to the alternating layers of N and Cr that will make this compound very brittle.

Besides these two pure phases, mixtures of phases exist over the whole range of

(x, y) in CryNx, see phase diagram in Fig. 2.10.

Figure 2.14: The NaCl cubic structure of CrN

2.7.3 High Speed Steel

High speed steel (HSS) is a material usually used in the manufacture of machine

tool bits, cutters and power saw blades. It is superior to the conventional carbon

steel tools, since it can withstand higher temperatures without losing its hardness.

Because of this, high speed steel can cut metal at a higher speed than its prede-

cessor carbon steel, hence the name high speed steel. Since the hardness of HSS is

about the same as for carbon steel at room temperature, only at elevated temper-

atures, it becomes advantageous to use HSS. In general, a steel is classified as a

high speed steel when the composition is combination of more than 7% tungsten,

molybdenum, vanadium and cobalt along with more than 0.60% carbon and of

course iron.



Chapter 3

Experimental details

In this chapter the experimental techniques, the sputtering equipment and the

depositions made will be described and explained.

3.1 Deposition chamber design and depositions

To perform the depositions, a high vacuum (HV) sputtering system (with a dia-

meter of 44 cm and a height of 75 cm) equipped with one magnetron mounted in

the lid of the system and a stationary, heatable substrate holder (see Fig. 3.1),

was used.

Prior to the depositions, the chamber was evacuated to a base pressure of

approximately 10−6 Torr (≈ 1.3 · 10−4 Pa) using a turbo-molecular pump. The

inert gas (Ar, of 99.9997% purity) and reactive gas (N, of 99.998% purity) were

introduced through a leak valve, so that the desired gas pressure and mixture of

the sputtering gas was achieved. A Cr target (15 cm in diameter, 6 mm thick,

99.9% purity) was mounted on a weakly unbalanced magnetron.

The magnetron was driven by either one out of two pulsed power supplies

(Chemfilt R&D AB, Stockholm, Sweden) or a dc power supply for the pretreatment

process and the deposition, respectively. For the substrate biasing, two dc power

supplies mounted in series, each delivering a voltage up to 600 V, were used. The

above mentioned pulsed power supplies are able to deliver pulses with peak powers

up to 2.4 MW (2000 V and 1200 A - Chemfilt v1.0) and 1.4 MW (2000 V and 700

A - Chemfilt SINEX 2.0-AS14). The Chemfilt v1.0 power supply has a repetition

frequency of 50 Hz and a pulse width in the range of 50-100 µs, depending on target

material and process conditions, while the SINEX 2.0-AS14 has the possibility to

25



26 Experimental details

(a) Image showing the magnetron sputtering
system.

(b) Schematic figure of the sputtering sys-
tem.

Figure 3.1: Figures showing the magnetron sputtering system used. The numbers
in (b) corresponds to 1. target power supply connection 2. magnetron 3. target
4. shutter 5. substrate holder and heater 6. feed-troughs for substrate bias and
heating connections 7. gas inlet 8. connections to vacuum pumps.

vary the pulse repetition frequency (25-300 Hz) and width (40-150 µs).

High-speed steel (HSS) plates (10 mm×20 mm, 3 mm in thickness) were used

as substrate material, polished to final mirror finish using 1 µm diamond paste.

Prior to insertion into the chamber, the substrates were ultrasonically cleaned in

isopropanol and then in acetone, for 15 minutes each. The substrates were placed

on the substrate holder, approximately 10 cm below the target and prior to deposi-

tion the substrates were either heated to 400ºC† or kept at ambient temperature.

The substrate heater was calibrated using a Chromel-Aluminum thermocouple

(valid between -200ºC to 1250ºC) attached to a Voltmeter designated for this

kind of measurement. Prior to all use, the target was sputter cleaned for 15 min.

HIPIMS pretreatment step: The HIPIMS pretreatment step was performed

with a Cr target in Ar atmosphere at a pressure of pp = 0.13 Pa (1 mTorr) with

the SINEX 2.0-AS14 power supply. A peak voltage Up = 1 kV was applied to the

†All temperatures given are given without taking into account the additional heating of the
substrate surface due to the plasma interaction.
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target resulting in a current of Imax = 200 A and a power of Pmax = 0.2 MW. The

substrates were negatively biased between Ub = 0-1200 V, in order to modify the

the substrate surface by depositing a metallic interlayer, sputter cleaning or metal

ion implanting depending on the substrate bias applied. The process duration tp

was set between 25 and 75 min, the pulse width was set to tpulse = 50 µs and the

pulse repetition frequency to νp = 50 Hz.

CrN (dcMS) deposition step: CrN deposition using dc magnetron sputtering

was performed in a mixed Ar and N2 atmosphere with a partial pressure ratio

of PAr/PN2
= 1:3 (total pressure of 0.53 Pa (4 mTorr)) and an applied negative

substrate bias of Ub = 50 V was applied. The substrate temperature during growth

was set to Ts = 400 °C. The dc power applied to the target during the deposition

was 1.0 kW (U ∼410 V, I ∼2.44 A).

Annealing The post-deposition annealing of the samples was performed in a

tube furnace in an argon flow of 150 sccm‡. The temperature was set to 900 K

and the annealing steps lasted for 2h and 4h, respectively.

Depositions The process parameter variations for the pretreatment step and

the duration time of the dcMS deposition step are summarized in Table 3.1.

Sample HIPIMS step dcMS step
name: Ub tp Tp td
CrN-1 ground 30 min RT 15 min
CrN-2 ground 75 min RT 30 min
CrN-3 600 V 30 min RT 30 min
CrN-4 600 V 30 min 400°C 30 min
CrN-5 200 V 60 min RT 30 min
CrN-6 1100 V 30 min RT 30 min

Table 3.1: Process parameter variations used during HIPIMS pretreatment of the
HSS substrate and growth of the CrN coating.

3.2 Hardness Measurement

There are several different ways of measuring the hardness. The hardness of a

material is defined as the ability of the material to resist plastic deformation.

‡sccm = standard cubic centimeters per minute. Corresponds to the volume of gas flowing
per minute corrected to a standard pressure and temperature, T = 293 K (20°C) and p = 101.325
kPa (1 atm).



28 Experimental details

Examples of hardness measurement techniques are Rockwell, Knoop and Vicker

hardness where the difference is is given by the geometry of the diamond tip used

for the indentation, see Fig. 3.2. Hardness measurements are divided in two

different categories depending on the load applied to the sample; macrohardness

(> 1 kg) and microhardness (< 1 kg). When working in these two load regimes

the plastic deformation resistance is what is measured, i.e. no contribution is from

elastic deformation. There is a third category, not considered in this thesis which

is nanohardness. The force applied is in the mN range and the elastic contribution

is often also calculated.

Figure 3.2: The different shapes of the diamond indenters corresponding to dif-
ferent hardness measurements.

3.2.1 Vicker Hardness

The Vicker hardness is the hardness measurement method used in this thesis. The

indenter employed in this technique is a square-based pyramid whose opposite sides

meet at the apex at an angle of 136◦. The diamond is pressed into the surface of

the material at loads ranging up to approximately 120 kgf. To be able to calculate

the Vickers hardness (HV), the two diagonals, d1 and d2, of the indent made are

measured. This is done using a graded microscope or computer software. The

Vicker hardness can then be calculated using the following formula [9]:

HV =
2F sin 136◦

2

d2
= 1.854

F

d2
(3.1)

where F = Applied load [kgf]

d = Arithmetic mean value of d1 and d2 [mm]

i.e d2 is the area of the indent

HV = Vicker’s hardness

This method is a good choice, since it can be used to compare materials whose

hardnesses are widely spread. This is due to the geometry of the diamond tip.
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The pressure on the material is decreased as the indenter penetrates further due

to the larger contact area. This is the case for all different tips but this tip has a

geometry that allows for measurements on samples in a wide range of hardnesses.

The indent is not to small for hard materials and not to large on softer materials.

The Vicker hardness is calculated in HV [kgf/mm2] and is written HVApplied load

where the applied load is given in N. To be able to get some kind of comparison

to other hardness measurements methods, the Vicker hardness can ba converted

to the SI-unit Pa. The proportionality factor that should be used is 9.80665·

kgf/mm2 = 1 MPa.

Caution should be taken since the impression made by the indenter is depen-

dent on the roughness of the sample. At low loads, polishing of the sample is often

required to give reliable results. Special care have to be taken when comparing dif-

ferent hardness measurement methods, since they are often not comparable even

after converted to MPa.

3.3 Film analysis

3.3.1 Electron microscopes

Electron microscopes (EM) are a widely used analytical tools in material science

for examining the topography, morphology and crystallography of a specimen by

the use of a beam of highly energetic electrons (small wavelength) to be able

to image very small objects. Morphology is the shape and size of the particles

making up the object, topography is the surface features of an object including for

example its texture and crystallography describing how the atoms are arranged in

the material [19].

Electron microscopes were developed since the lateral resolution of optical mi-

croscopes has a theoretical limit for how small objects it can image (about 0.2

µm). When this limit was reached more than 80 years ago, the first type of

electron microscope was constructed, a transmission electron microscope (TEM).

When using this type of microscope, a focused beam of electrons are used to “see”

through the specimen under observation. For most EMs, the electrons are typ-

ically thermionically emitted from a tungsten or lanthanum hexaboride cathode

and then accelerated towards an anode. The electrons are then focused to a small,

thin, and coherent beam by a condenser lens. This beam is then incident on the

sample.

Scanning electron microscopy is the second type of EM, which will be consid-
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ered in this thesis. A major difference between the SEM and the TEM is that

a TEM provides bulk information about your sample whereas a SEM gives in-

formation about the surface or near surface region. The SEM has also become

more popular than the TEM since it can produce images with greater clarity and

3-dimensional quality, requiring much less sample preparation. The magnifica-

tion is though much lower in a SEM (1-20 nm) than in a TEM. Figure 3.3 shows

schematically the different electron-specimen interactions.

Figure 3.3: Schematic of possible electron-specimen interactions. PE: Primary
electrons, AE: Auger electrons, SE: Secondary electrons, BE: Backscattered elec-
trons.

3.3.1.1 Transmission electron microscope

In principle, the design of the TEM is quite similar to an optical microscopy with

the differences that the source is an electron gun and the lenses are magnetic in-

stead of a light bulb and optical lenses, respectively. Figure 3.4 shows a schematic
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of a TEM. It is a very powerful tool which has a theoretical best resolution of

approximately 10−2 Å for a given gun energy of 300 keV. However, due to abbera-

tions of the lenses and atomic Brownian vibrations todays achievable resolution is

only about 1 Å. However, since the interatomic spacing is about 2-3 Å individual

atoms can still be resolved. This makes TEM extremely useful when studying the

nanostructure of a material, like for example crystal orientation and defects.

As discussed above, a small coherent beam is incident on the sample. The beam

will hit the sample and most of the electrons will be transmitted trough the thin

sample, one central beam and several diffracted beams. An objective lens is then

used to focus and enlarge the transmitted image which is then being visualized on

a fluorescent screen or recorded with a CCD camera. The diffraction pattern or

the image can be imaged. depending on what objective aperture and focal plane

position chosen. The size of the aperture decides how much of the diffracted beams

will pass and the position of the aperture can be used to select what beams will

pass. Three major TEM modes, bright field, dark field and STEM are described

later in this section.

Since the electrons have to be able to transmit through the sample, the thick-

ness of the very thin. For example, to be able to resolve 2 Å details in the image

produced, the thickness of the sample has to be ≤ 20 nm. To produce these

extremely thin samples, a careful preparation of the a TEM-sample is required.

Further information about TEM sample preparation can be found in Appendix A.

Imaging in TEM: There are three commonly used imaging techniques used in

TEM, sometimes interplaying with each other making it somewhat complicated to

interpret the images.

Diffraction imaging is performed when electrons are incident on the sample and

diffraction occurs (similar to XRD, see Section 3.3.2). This diffraction pattern

created is recorded as a spot pattern. If a diffracted beam is selected by an

aperture, contrast appear in the image showing the grains in the sample with the

orientation responsible for this diffracted beam.

Mass-Thickness contrast comes from Rutherford scattered electrons, i.e elec-

trons are diverted to an off-axis path as they are elastically scattered by the nuclei

in the sample. The larger nuclei, the greater is the scattering. Furthermore, con-

trast is added by thickness variations in the sample. This imaging technique is

particularly useful in STEM.

Phase contrast is used at high magnification to get high resolution. Each scat-

tering produces a phase shift of −π/2 and the scattered beam will also take another



32 Experimental details

Figure 3.4: Schematic of a TEM [20].

path than the transmitted beam, further increasing the phase shift. Contrast is

produced due to interference between the scattered and unscattered beams. This

contrast is depending on the spacing between the scattering objects.

Bright Field (BF) mode: In the bright field mode of the TEM, an aperture is

placed in the back focal plane of the objective lens which allows for the direct beam

along with the contribution of weakly diffracted electrons, as schematically shown

in Fig. 3.5(b). In this case, mass-thickness and diffraction contrast contribute to

the image formation: thick areas, areas in which heavy atoms are enriched, and

crystalline areas appear with dark contrast.

Dark Field (DF) Mode: In dark field images, one or more diffracted beams

are selected by entering an objective aperture to form the image, as seen in Fig.

3.5(a). The direct beam is fully blocked by the aperture. In contrast to the direct

beam, the diffracted beams have interacted strongly with the specimen, and carry
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very useful information about the grain size and the grain distribution of certain

orientations.

(a) Dark field. (b) Bright field.

Figure 3.5: Aperture positions in Bright Field and Dark Field TEM modes [21].

Analytical Scanning TEM ((A)S)TEM: In Scanning TEM, an atomic sized,

convergent electron beam is scanned over a defined area of the sample. At each

spot, a diffraction pattern is formed. An image can then be built up by taking

the intensity of the scattered electrons for each particular point. The best mass-

thickness contrast is provided from large diffraction angles and the detector used is

a High-Angle Annular Dark Field (HAADF) Detector. This detectors is positioned

more that 50 mrad off axis.

In analytical STEM, the convergent beam is used to gain a highly localized

signal from the specimen, e.g by detecting the X-rays emitted from the specimen

employing energy dispersive X-ray (EDX) analysis. EDX and the formation of

X-rays are further explained in Section 3.3.1.3. The combination of STEM with

analytical methods is a main application in practical work.

The reference used throughout this section is Ref. [22].

3.3.1.2 Scanning electron microscope

In 1942 , the first SEM was developed and commercialized around 1965. In a

SEM, the electrons are generated and focused in a similar manner as previously

discussed, see Fig. 3.6. The scanning coils create an electromagnetic field that

will exert a force on the electrons, changing their direction in time and hence
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Figure 3.6: Simple schematic of the scanning electron microscope [20].

make them scan the surface. The scanning pattern created is called a raster.

The electrons will hit the surface of the sample and a series of electron-sample

interactions (as discussed above) will take place.

The resolution in a SEM is dependent on the size of the electron spot produced

by the magnetic lenses. Also, when the electron beam hits the surface it will inter-

act with a certain volume of the sample called the interaction volume. This also

affects the resolution and both these quantities, the spot size and the interaction

volume, are larger than the distance between atoms, hence atomic resolution is not

possible in a SEM. The SEM has advantages like less sample preparation, easier

interpretation of images and its ability to image bulk material.

Imaging in SEM: There are mainly three types of interactions with the speci-

men responsible for the contrast in the SEM depending on the detector used. These

are backscattered electrons, secondary electrons (see Fig. 3.7) and characteristic
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X-ray emission.

Figure 3.7: Schematic of electron interactions with the sample.

Backscattered electrons are produced by elastic interactions of beam electrons

with the nuclei of atoms in the sample. This is called Rutherford elastic scattering.

Mutual attraction causes the electrons to deflect towards the nuclei and scattering

angles range up to 180°, but in average about 5°. Many incident electrons un-

dergo a series of such elastic events that cause them to be scattered back out of

the specimen. The fraction of beam electrons backscattered in this way depends

strongly on the atomic number Z of the scattering atoms. Therefore, areas of

high average Z appear brighter than those of low average Z, see Fig 3.8(b). Also,

the topography is affecting the contrast. Use of a paired detector allows separate

observation of a topography image and a composition image. The response from

the two detectors are added and subtracted to separate the responses.

Secondary electrons (SE), arises when inelastic interactions of incoming elec-

trons with valence electrons of the sample atoms occur. This will eject secondary

electrons from the sample atoms. After undergoing additional scattering events
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while traveling through the specimen, some of these ejected electrons emerge from

the surface of the specimen. Arbitrarily, such emergent electrons with energies less

than 50 eV are called secondary electrons; 90% of secondary electrons have ener-

gies less than 10 eV; with a maximum between 2 and 5 eV. Due to their low energy

they do not travel far in the sample (diffusion length ∼ 10 nm) before being re-

captured. Therefore, SEs are thought of as a surface sensitive signal. The contrast

of secondary electron images depends mainly on the tilt angle and topography of

the specimen surface, see Fig. 3.8(a).

X-rays are emitted from the sample, when it is irradiated by electrons. These

X-rays can be detected and an elemental mapping (Fig. 3.8(c) and 3.8(d)) of the

surface can be performed (EDX). The principle of this method is further discussed

in Section 3.3.1.3.

The SEM also has a good depth of field i.e, if a rough area is magnified, a large

portion of the image will be in focus [19].

The contrast in the SEM comes from different sources depending on what

detector that is used. This makes it important to know, what kind of detector

the SEM is equipped with to be able to interpret the images created in a correct

manner. To illustrate this, four images of the same area of a sample is shown in

Fig. 3.8.

3.3.1.3 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is a valuable tool for qualitative and

quantitative elemental analysis. This equipment is often mounted on an electron

microscope.

When electrons are incident on a sample, they can transfer energy to an atom

by knocking out an inner shell electron (e.g K shell electron), see Fig. 3.9. The

vacancy left will be filled by an electron from a higher energy shell (e.g. L shell) and

the energy released due to this transition is emitted as a photon, i.e X-ray. Each

element has characteristic peak positions corresponding to the possible transitions

between the electron shells. The presence of copper, for example, is indicated

by two K peaks at about 8.0 and 8.9 keV and a L peak at 0.85 eV. In heavy

elements like tungsten, a lot of different transitions are possible and many peaks

are therefore present.

The EDX detector is essentially a large single crystal semiconductor of high

enough purity to truly be an intrinsic semiconductor. This intrinsic semiconductor

is cooled to minimize thermionic creation of charge carriers, typically by liquid

nitrogen. Front and back contacts are kept at several kV potential relative to each
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(a) SE detector image. (b) BE detector image.

(c) X-ray image sensitive to Si. (d) X-ray image sensitive to Al.

Figure 3.8: Images showing the same area of a sample but with different detectors

other. X-rays that pass through the front contact will tend to dissipate their energy

creating electron-hole pairs in the intrinsic region and since each electron-hole pair

has a characteristic creation energy, the total number of charge carriers created is

proportional to the energy of the incident X-ray. Thus, by measuring the charge

pulse that is created for each X-ray, the energy of the X-ray can be determined.

A computer is used to record the number of counts within each energy range, and

the total collected X-ray spectrum can then be determined. The peaks found in

the spectra gives information about the elemental composition in the sample. For

quantitative analysis, however, standards are needed for calibration.

3.3.2 X-ray diffraction (XRD)

X-ray diffraction is a versatile, non-destructive analytical technique used to identify

a crystalline compound, whether its composition is known or not. The sample can

be a mixture of phases or a single crystal. Also, the samples grain size can be

determined. In this technique the sample is exposed to monochromatic X-rays

at different incident angles. If Bragg’s law is fulfilled, see Eqn. 3.2, the X-rays
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Figure 3.9: X-rays generation due to electron-atom collisions.

will interfere constructively when being reflected by the sample. It is observed

that this diffraction only occur at certain angles for different plane spacings in the

crystal lattice of the sample. Characterization can then be made since the distance

between different planes in a lattice often is unique for a certain compound, hence

also the angle at which you get diffracted X-rays. The need for X-rays instead

of ordinary visible light is originating in the fact that it is only possible to get

constructive interference for angles λ ≤ 2d and the spacing between the planes, d,

is to small for using visible light.

The XRD equipment used in this thesis has a Bragg-Brentano configuration,

see Fig. 3.10. When a scan is performed, the incoming X-rays have the same

angle, θ, to the sample surface as the detector.

The X-rays used, are generated by bombarding a target (e.g Cu) with electrons.

This will make the target emit characteristic wavelengths. Since the use of several

different wavelengths incident on the sample will cause a set of peaks in the XRD
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spectrum a filter is used to select only one of the wavelengths. In the case of a Cu

target, a Ni-filter is often used to remove Cu-Kβ radiation, leaving only the high

intensity Cu-Kα radiation. The exiting beam is then collimated on the sample

using a Soller (limits axial divergence) and a divergence slit (limits scattering

parallel to the scattering plane). After interaction with the sample, another Soller

and a receiving slit is used to remove noise, i.e. reflections elsewhere beside the

sample. The beam then hits a secondary monochromator (parabolic Ge-crystal)

and the beam is then received by the detector, usually a Geiger-Müeller counter).

An illustration of the interaction between the X-rays and the sample can be seen in

β-filter

Divergence slit

Mask

Detector

Slits

Sample holder

Goniometer

X-ray
source

Monochromator

Figure 3.10: Schematic of a Bragg-Brentano diffractometer.

Fig. 3.11. Since only a very small portion (≈ 10−3 − 10−5) of the light is reflected

at each plane up to approximately 105 planes can contribute to the reflection. The

path difference for reflections from adjacent planes are 2d(h,k,l) sin θ and this must

correspond to an integral number (n), also called the order of the reflection, of

wavelengths (λ):

2d(h,k,l) sin θ = nλ (3.2)

where d is the interplanar distance, θ is the incident angle. If Bragg’s law is not

satisfied, destructive interference will result in a very low intensity of the diffracted

beam [23].

When a θ/2θ scan has been performed, evaluation of the diffraction pattern

should be done. The position, width and shift of a diffraction peak all provide
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Figure 3.11: Schematic of X-ray scattering. Monochromatic x-rays are incident
on three parallel planes of atoms having the same Miller index (h, k, l) and spacing
d.

information about the sample under observation. If the sample would we amor-

phous, the peaks would be broad and diffuse whereas a crystalline material would

show sharp, distinct peaks. The full width half maximum (FWHM) of a peak

gives an indication of the average grain size in the sample under investigation, a

small FWHM corresponds to a large grain size and vice versa. Incorporation of

nonuniform strain will also give a broadening of the peaks. Uniform strain on the

other hand, will shift the peaks to a different position in the spectrum. By compar-

ing this diffraction pattern to an internationally recognized database containing

reference patterns, identification is possible.

The incident x-rays will be reflected and absorbed by the sample under inves-

tigation. Thus, it has to be considered how deep into the sample the measurement

is being performed. An approximation of how deep the x-rays will penetrate into

the sample can be done by considering the intensity at depth z:

I(z) = I0e
−(µδz) (3.3)

where I0 is the incoming intensity, µ is the mass absorption coefficient and δ is

the density of the sample.



3.4 Film characterization 41

3.4 Film characterization

3.4.1 Scratch Adhesion Test

A quantitative method for testing the adhesion of thin hard coatings on hard

substrates is scratch testing, because of its practicality, simplicity, speed, broad

applicability, and commercial availability. Though, it should be pointed out that

the definition of adhesion involves the summation of all interfacial intermolecular

interactions between contacting materials. This is not measured with this method.

Instead a more practical adhesion is the quantity measured. The work or force

required to detach a coating which depends on the complex interaction of the

test parameters (stylus properties and geometry, loading rate, displacement rate,

etc.) and the coating/substrate properties (hardness, fracture strength, modulus of

elasticity, damage mechanisms, microstructure, flaw population, surface roughness,

etc.)

In this test method, a diamond stylus of defined geometry (Rockwell C, a

conical diamond indenter with an included angle of 120° and a spherical tip radius

of 200 µm) is drawn across the flat surface of a coated test specimen at a constant

speed and a defined normal force for a defined distance. The normal load is either

constant or increases progressively. A schematic image of the experimental setup

is viewed in Fig. 3.12. The damage along the scratch track is then microscopically

assessed as a function of the applied force. Specific levels of progressive damage are

associated with increasing normal stylus forces. The force levels which produce

a specific level of damage in the coating are defined as a critical scratch load,

Lc, indexed by a number x, Lcx
. The definition of the different critical loads are

sometimes different since several failure modes may occur at the same time. It

is, therefore, important to specify these. In this thesis, the definitions given by

ASTM Standards World Wide [24] are used. Two different critical load definitions

are shown in Fig. 3.13(b). Lc1
is the load when cracks start to form in the film, i.e.

cohesive failure of the coating. Lc2
is for this thesis’s purpose, a more interesting

quantity since this is the load when the coating start to peel off the substrate, i.e

the critical load when adhesive failure starts. By carefully examining the damage

done by the stylus the failure mode can be determined. To do this, a SEM equipped

with an EDX was used. There is a huge amount of possible failure modes and some

of them are listed in Ref. [24]. When considering the damage done, one has to

know the properties of both the substrate and the coating under investigation.

For example, a hard brittle coating will react differently to an applied load than

a softer and more ductile material.
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Figure 3.12: Schematic view of the scratch test experimental setup.

(a) Schematic image of the scratch
tester in action.

(b) The definition of the critical loads Lc1 and
Lc2 .

Figure 3.13: Figures illustrating the principles of scratch testing.

3.5 Optical Emission Spectroscopy

In a plasma, atoms gets excited and ionized. This is due to collisions and ions of

different excitation levels can be found. Each element in the periodic table has a

characteristic emission spectrum when electron transitions between the different

energy levels occur (see Fig 3.14 for an example of an energy level diagram). This

can be utilized, when the composition of the plasma will be determined.

An Optical emission spectroscope has two major parts, a mono- or polychro-

mator and a detector, often photodiodes (see Fig. 3.15). If a monochromator is

used, one wavelength reaches the detector at a time and the wavelengths under

investigation needs to be scanned in order to see the whole spectrum. If a poly-
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Figure 3.14: Example of transitions in a hydrogen atom. Left: excitation, Right:
relaxation.

chromator is instead used, several wavelengths can be recorded at the same time.

Figure 3.15: Schematic showing the principle of an OES setup
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The recorded spectrum is stored on a computer and can be analyzed and com-

pared with tabulated data giving the composition of the plasma. Here it was used

to compare the ion contents in the plasma for two different power supplies.



Chapter 4

Results

In this chapter the results of the experimental work are presented.

4.1 Etching test

In the HIPIMS pretreatment step described in section 2.3.2.2, different surface

modifications can be produced depending on the voltage applied to the substrate.

For substrate biases below a certain threshold value, the average sputter yield

of the incoming ions is smaller than the number of adatoms (atoms sticking to

the surface) with film growth as a consequence. For substrate bias values above

this threshold, atoms from the substrate surface can be sputtered, cleaning the

surface from contaminants such as native oxides etc. and at even higher values

implantation of the ions can be achieved. For the investigations in this report, pre-

experiments were carried out to find the threshold for the different pretreatment

modes. This was done by covering half of the substrate while sputtering and

afterwards measuring the height difference between the covered and the uncovered

area in a profilometer. The power supply was set to 1050 V with a pulse length of 60

µs and a repetition frequency of 50 Hz. The parameters for these pre-experiments

are summarized in Table 4.1. The plasma properties varies for different power

supplies, therefore, the pre-experiments were repeated using the power supply and

substrate type used in [6] for comparison.

The limited accuracy of the profilometer and the roughness of the substrates

allowed only for statements of very clear changes in step heights. The results

from the profilometer of the samples pretreated at a negative substrate bias of

Ub = -600 V gave a sputter yield of about one, which means that the surface was

45
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Bias (V) Substrate Mode Growth rate (nm/h)
-400 SS Growth 165
-400 HSS Growth 180
-600 SS Inconclusive 10
-600 HSS Inconclusive 10
-600* SS Growth 640
-600* HSS Growth 650

*Depositions made with the Chemfilt v1.0 power supply at 1850 V

to keep the current at 250 A. SS = Stainless Steel

Table 4.1: Etch or growth mode and rate depending on substrate bias

cleaned without depositing a Cr layer nor significant etching. There is no difference

between the two substrates used in the experiments, whereas the difference when

comparing the two power supplies is large. The Chemfilt v1.0 shows substantial

growth at Ub = 600 V while it is hard to determine whether growth or etching

occurs for the SINEX 2.0AS-14 at the same substrate bias. In fact, the growth

rate is about four times larger for the Chimfilt v1.0 at Ub = 600 V than for the

SINEX 2.0AS-14 at Ub = 400 V.

4.2 Optical emission spectroscopy

In order to be able to understand the results above, optical emission spectroscopy

was employed to investigate the ionization degrees achieved with the two different

power supplies. In Fig. 4.1 and 4.2 the normalized optical emission spectra for

the Chemfilt v1.0 and SINEX 2.0AS-14 power supplies are shown, respectively.

These spectra were recorded when the current was held constant at 250 A at an

Ar pressure of 1 mTorr and a substrate bias of Ub = 400 V. The spectra were

normalized by fitting to the Cr0 peak with the highest intensity at λ = 521 nm,

to be able to compare the two spectra. Differences in the spectra can easier be

seen by looking closer into a smaller wavelength range. In Fig. 4.3 two peaks

(λ = 342.1 nm and λ = 342.3 nm) of Cr+ are shown. The optical emission has, as

can be seen, a higher intensity for the Sinex 2.0-AS14 power supply.

To get a quantitative measure of the difference between the supplies concerning

the metal ionization degree in the plasma, the ion ratio can be calculated. By

comparing the peaks in Fig. 4.3 a ratio of ICr+,new/ICr+,old ≈ 1.7 is determined.

It should be noted also that there are ions with higher oxidation states in the

plasma, but these are hard to find using the spectrometer available, since the

relative intensity of their emission is to low.
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Figure 4.1: Optical emission spectrum for the Sinex 2.0-AS14 power supply.
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Figure 4.2: Optical emission spectrum for the Chemfilt v1.0 power supply.
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Figure 4.3: Comparison between the two power supplies at the wavelength interval
λ = 341-343 nm showing peaks for Cr+. The broad peak seen for the Chemfilt v1.0
is stemming from two superimposed emission lines.

4.3 Substrate current investigation

Since the etch test above gave such a contradictionary result for the two supplies,

a study of the substrate current during sputtering has been conducted. The sub-

strate current as a function of substrate bias for the SINEX 2.0AS-14 and the

Chemfilt v1.0 power supplies are shown in Fig. 4.4(a) and 4.4(b), respectively.

The current saturates at higher substrate bias but the saturation voltage is

about 25% higher for the SINEX 2.0AS-14 power supply. The maximum substrate

current drawn from the plasma is 25.7 A and 19.5 A for the SINEX 2.0AS-14 and

Chemfilt v1.0, respectively. Therefore, it can be concluded that the plasma charac-

teristics are different when using different power supplies. It has to be noted that

the pulse length of the Chemfilt v1.0 supply is twice as long as for SINEX 2.0AS-

14. The amount of charge transported in one pulse has been estimated giving a

charge of q = 5.27 × 10−4 C and 5.36 × 10−4 C at Ub = 600 V for the Chemfilt

v1.0 and SINEX 2.0AS-14 power supplies, respectively. One elementary charge

corresponds to 1.602× 10−19 C, so the amount of elementary charges transported

per pulse are 3.29 × 1015 and 3.35 × 1015. The same charge is transported in the
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Figure 4.4: Substrate peak current in the pulse as a function of substrate bias.
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pulses but since etching occurs at a lower applied substrate bias with the SINEX

2.0AS-14, it is assumed that there should be a larger fraction of doubly ionized

species in the plasma since this would result in a higher energy of the doubly

ionized Cr ions when emerging at the substrate resulting in a higher sputter yield.

4.4 Hardness test

In this thesis a LECO M-400 was used to measure and compare the Vicker hardness

of the substrates prior to and after the annealing steps. To measure the indents

the LECO M-400 was equipped with an optical microscope with a digital camera.

Images of the indents was produced and a computer program was used to calculate

the Vicker hardness.

Post-deposition annealing at a temperature of T = 900 K where the properties

of the HSS substrates can be affected and change due to phase transformations was

carried out on the samples. The substrate hardness is a parameter that influences

and is therefore crucial for determining the film failure in scratch adhesion mea-

surements. The measured mean values from the Vicker hardness measurements of

the substrates is summarized in Table 4.2. The measurements where performed

using an applied force of 1000 g and the indents were carried out on the backside

of the coated substrates after deposition and after each annealing step. Figure 4.5

shows the indent made.

Substrate type: Vickers Hardness (HV)
Not annealed 963
Not annealed* 960
Annealed 2h* 681
Annealed 4h 751
Annealed 4h* 683
*Films deposited at 400°C

Table 4.2: Vickers microhardness values measured after deposition at T = RT,
400ºC and after annealing at T = 900 K.

This clearly shows that the substrate hardness is decreased during annealing.

This softening of the substrates should result in a reduced adhesion in the scratch

test [25].
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(a) Deposited at RT, not an-
nealed.

(b) Deposited at 400ºC, not
annealed.

(c) Deposited at 400ºC, an-
nealed 2h.

(d) Deposited at RT, an-
nealed 4h.

(e) deposited at 400ºC, an-
nealed 4h.

Figure 4.5: The indents made by the pyramid shaped diamond indenter on the
substrates.

4.5 Adhesion measurements

To evaluate the adhesion a CSEM Revetest scratch tester was used. This was

performed with a Rockwell C diamond tip, 200 µm in diameter, with a contin-

uously increasing applied normal force from 0 to 80 N. The needle was moving

with a velocity of 10 mm/min and the force was applied at a rate of 10 N/min.

These experiments were performed on four different samples, before and after each

annealing step.

4.5.1 Critical loads and failure modes

In section 3.4.1 two different critical scratch loads were defined, Lc1 and Lc2. Lc1 is

the load at which the film itself starts to crack, i.e cohesive failure. In this thesis,

the focus has been on the adhesive failure load Lc2. This is the critical normal

load when the film starts to delaminate from the substrate.

As an example, a SEM image of the scratch track of sample CrN-3 which was

pretreated at Ub = 600 V and Tp = RT is shown in Fig. 4.6. Cracks are observed
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in, as well as along the scratch track before the actual coating fails which can be

seen as cohesive spallation. Considering that the samples prepared consists of a

brittle and hard CrN coating on a much softer and more ductile HSS substrate

the following conclusion can be drawn. The cracks observed can be interpreted

as tensile cracks formed through the thickness of the coating. These cracks are

arc shaped and directed in the direction of motion of the stylus. This kind of

cracks in the coating does not correspond to an interface failure, but is instead a

cohesive failure within the coating, called brittle tensile cracking. The continued

forward motion of the tip and the increasing normal force later causes chipping

and spallation of the coating as the substrate is further deformed [24].

For sample CrN-4, pretreated at Ub = 600 V and Tp = 400ºC, the exact same

failure picture is observed, see Fig. 4.7. Tensile cracks are followed by chipping

and spallation of the coating, but the chipping starts at a higher applied normal

load.

The CrN-5 coating, for which the bias during HIPIMS pretreatment was set to

Ub = 200 V (see Fig. 4.8), displays a different behavior than the two previously

observed samples. At this low substrate bias during pretreatment, the sputter

yield of impinging ions is too low so that a Cr interlayer has grown influencing the

adhesion. The kind of failure seen in this sample is referred to as gross spallation

and is similar to the chipping and spallation failure modes discussed above with

the difference that the spallation of the coating in this case is more severe.

4.5.2 Influence of annealing

Scratch tests were also performed on the samples annealed for 2 and 4 hours.

During annealing, diffusion and relaxation of the stress in the coatings can occur.

When annealed, all the samples revealed a significant increase in the critical load

of failure. For the coatings annealed for 2 hours, some cohesive failure occurred

and the adhesive critical load needed for failure increased. To illustrate the change

in adhesion, a series of figures can be seen in Fig. 4.9, confirming that the coating

and interface properties are dramatically improved after annealing. For the other

samples, the same failure behavior was observed as shown in Fig. 4.10 and 4.11.

Values for the critical loads of failure, Lc2, are summarized in table 4.3. When

looking at these data it can be observed that the critical load of failure increased

with annealing time. The samples annealed for 4 hours did not adhesively fail,

even at the highest load applied, the delamination observed in the figures is be-

lieved to be due to the way the scratch test was performed To make sure that the
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Figure 4.6: SEM image showing the critical load of failure Lc2 = 24.5N of sample
CrN-3: Ub = 600 V, Tp = RT.

Figure 4.7: SEM image showing the critical load of failure Lc2 = 26.5N of sample
CrN-4: Ub = 600 V, Tp = 400ºC.
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Figure 4.8: SEM image of the critical load of failure Lc2 = 11.0N of sample
CrN-5: Ub = 200 V, Tp = RT.

visual interpretation of the SEM image was correctly made, EDX mapping was

performed, not shown in this report. These mappings confirmed that the values

used for the critical loads of failure are correct.

As deposited Annealed 2h at 900K Annealed 4h at 900K
Sample: Lc2 Lc2 Lc2

CrN-3 24.5 N 76.0 N ≥80.0 N
CrN-4 26.5 N 35.5 N ≥80.0 N
CrN-5 11.0 N 53.5 N ≥80.0 N
CrN-6* 28.5 N —– —–
*Not seen in any figure and this sample was not annealed.

Table 4.3: Critical load of failure for the different samples.



4.5 Adhesion measurements 55

(a) As deposited (b) Annealed 2h at 900K (c) Annealed 4h at 900K

Figure 4.9: SEM images showing the coating failure of sample CrN-3: Ub = 600
V, Tp = RT.

(a) As deposited (b) Annealed 2h at 900K (c) Annealed 4h at 900K

Figure 4.10: SEM images showing the coating failure of sample CrN-4: Ub = 600
V, Tp = 400ºC.

(a) As deposited (b) Annealed 2h at 900K (c) Annealed 4h at 900K

Figure 4.11: SEM images showing the coating failure of sample CrN-5: Ub = 200
V, Tp = RT.
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4.6 Microstructure investigation

Microstructure investigations were performed utilizing two methods, X-ray diffrac-

tion (XRD) and transmission electron microscope (TEM) equipped with an energy

dispersive X-ray (EDX) analyzer (see sections 3.3.1.1, 3.3.2 and 3.3.1.3 for further

information about these techniques).

4.6.1 X-Ray Diffraction

The XRD measurements were performed with a diffractometer in a Bragg-Brentano

configuration (40 mA and 40 kV). The divergence and receiving slit used was 1/2◦.

The angle scan speed was set to 0.02◦/s and the ”time-per-step“ to 5 s. It is im-

portant to keep these settings constant to be able to compare the diffractograms

from different samples.

XRD was used to document the structure evolution of the film due to annealing

for 2 and 4 hours at 900 K in Ar atmosphere. The diffractograms are shown in

Fig. 4.12, 4.13 and 4.14. The diffractogram of the substrate can be seen in the

upper left corner of Fig. 4.12.

The two samples grown at T = RT (CrN-3: Ub = 600 V and CrN-5: Ub = 200

V) have in common that the peaks in the as-deposited diffractograms were broad

and became narrower after annealing. This broadening of the peaks revealed that

the as-deposited films contained a large amount of lattice distortions and defects

causing microstrain, that the average crystal size is small or a combination of

the two effects. For the CrN-4 (Ub = 600 V) sample deposited at T = 400°C, a

much narrower peak was observed even without annealing and this corresponds

to fewer defects and/or a larger average grain size. Since the broadening is a

superposition of different effects it is difficult to calculate the grain size with the

Scherrer equation discussed in section 3.3.2, but the FMHW can still be measured

to get a qualitative description of the microstructure evolution during annealing.

The grain size for the (220) diffraction peaks were calculated and the results are

presented in Table 4.4.

The diffractograms show peaks at 2θ = 37.6◦, 43.7◦, 63.5◦ and 76.2◦ which

correspond to the (111), (200), (220) and (311) orientations of the cubic structure

of CrN. For the film grown at Ub = 200 V, T = RT (CrN-5), an additional

peak at 2θ = 42.6◦ is observed which can be interpreted as the intense (111)

orientation of the hexagonal β-Cr2N. Low intensity peaks at 2θ = 42.6◦ show up

also for the annealed samples, CrN-3a,b and for all samples originating from CrN-

4, corresponding to β-Cr2N(111). Another observation is that after annealing, the
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Figure 4.12: Diffraction patterns for the as deposited and the annealed samples
originating from CrN-3. Ub = 600 V, Tp = RT. The substrate peaks is shown in
the upper left corner.
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originating from CrN-4. Ub = 600 V, Tp = 400°C
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Figure 4.14: Diffraction patterns for the as deposited and the annealed samples
originating from CrN-5. Ub = 200 V, Tp = RT



60 Results

As deposited Annealed 2h Annealed 4h
Sample: FWHM* Dgrain FWHM Dgrain FWHM Dgrain

CrN-3 1.93◦ 10.2 nm 0.52◦ 38.0 nm 0.45◦ 43.9 nm
CrN-4 0.60◦ 33.0 nm 0.50◦ 39.6 nm 0.41◦ 48.2 nm
CrN-5 2.35◦ 8.4 nm 1.44◦ 13.7 nm 0.35◦ 56.5 nm
*FWHM = β1/2 is referred to as the Full Width at Half Max of the peak.

Table 4.4: Average grain sizes for the different samples calculated from the Scher-
rer equation for the CrN(220) diffraction peak.

(220) peak in the diffractograms for all samples increase, indicating that this is

the preferred orientation in the CrN coatings.

4.6.2 TEM investigation

4.6.2.1 CrN-3

The bright field micrograph seen in Fig. 4.15(a) shows that the coating grew in

a columnar structure with an average column width of 70 nm. At the interface,

no amorphous oxide layer or HIPIMS grown Cr interlayer can be seen. However,

from the bright field image it is evident that the microstructure of the film follows

the microstructure of the HSS substrate, which is also confirmed by the dark

field image seen in Fig.4.15(b). This is also proven by the absence of competitive

(a) Brightfield, CrN-3 (b) Darkfield, CrN-3

Figure 4.15: TEM micrographs of the same area in sample CrN-3: Ub = 600 V,
Tp = RT, showing the modified HSS and the CrN film.
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growth, since the column width does not change with film thickness. The HRTEM

image from the interface shows epitaxial growth of the CrN deposited by dcMS on

the clean, pretreated HSS surface, as seen in the marked region.

Figure 4.16: CrN-3: Ub = 600 V, Tp = RT. HRTEM micrograph of the HSS-CrN
interface region

After annealing for two hours at 900 K, recrystallization of the CrN coating

occured starting from the substrate-film interface and continued up to about 150

nm above the interface, as seen in Fig. 4.17(a). The micrograph was taken in

underfocus to make the voids visible, seen as bright areas. After recrystallization,

voids along the grain boundaries were formed throughout the whole film and end

in the recrystallized area. The column width increased from about 50 nm in the as-

deposited films to 100-150 nm in the recrystallized region. A dense film, containing
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voids and no columns was seen from the substrate and about 150 nm up in the

CrN layer. Above this recrystallized region, the column width stayed unchanged

compared to the as-deposited film..

Further annealing (4h at 900 K) enlarged the recrystallization width to about

200-250 nm as seen in Fig. 4.17(b).

(a) CrN-3a: Ub = 600 V, Tp = RT, Annealed
for 2h. Underfocused TEM micrograph show-
ing the recrystallization area and the void for-
mation at the HSS-CrN interface.

(b) CrN-3b: Ub = 600 V, Tp = RT, Annealed
for 2h. Bright field micrograph of the HSS-CrN
interface with a HRTEM image of the interface
region. This sample shows a larger recrystal-
lization area.

Figure 4.17: TEM micrographs of the interface regions of sample CrN-3a and
CrN-3b, showing the modified HSS and the CrN film. Recrystallization areas are
evident.

4.6.2.2 EDX Linescans - CrN-3

The EDX linescans gave the chemical composition across the interfaces. When

comparing the linescans of the as-deposited film with the films annealed for 2 and

4 hours, see Fig. 4.18, differences in the composition profiles were clearly observed.

For the as-deposited sample (CrN3), the transition region was about 15 nm, but

for the sample annealed for 2h (CrN-3a) and 4h (CrN-3b), the transition regions

were 23 nm and 24 nm, respectively. This increase in the transition region is a

result of intermixing of Fe and Cr atoms in the transition region. In the CrN-

3b film, the Cr/N ratio increases and Cr2N seems to have formed close to the

interface.
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Figure 4.18: EDX linescans over the interface regions.

4.6.2.3 CrN-5

At this substrate bias, Ub = 200 V, a Cr interlayer with a thickness of about 260

nm was grown, as seen in Fig. 4.19. The HIPIMS layer exhibited a dense columnar

structure, as was the following dcMS CrN film, i.e the CrN layer grew epitaxially

on top of the Cr layer sharing the same columnar structure with an average width

of 100 nm, see Fig. 4.19(b). The films showed no sign of competitive growth,

instead having equal width, closely packed together. The dense dcMS-CrN layer,

was developed due to the underlying HIPIMS-Cr layer, favoring the formation of a

dense, columnar structure. The adhesion between the substrate and the Cr layer

is in this case extremely poor. In Fig. 4.19(a), it is obvious that the film has

detached and peeled off from the HSS surface. The adhesion between the Cr and

CrN on the other hand, seems to be very good since evidence of epitaxial growth

is found.

To confirm what we see in the TEM, electron diffraction patterns were recorded
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(a) CrN-5: Bright field micrograph showing the
substrate, HIPIMS-Cr layer and the dc-CrN
layer.

(b) CrN-5: TEM image showing the Cr-CrN
interface region.

Figure 4.19: TEM micrographs of the interface regions of sample CrN-5, showing
the modified HSS and the Cr+CrN films.

in both the Cr and the CrN region in the film, see Fig. 4.20. The pattern is in

good agreement of the known values taken from JCPDF (International Centre for

Diffraction Data) but there are additional dots in the diffraction pattern, probably

originating from a mix of the two areas and/or from Cr2N.

Figure 4.21(a), (b) shows the TEM images of the sample annealed for 2 hours

at 900 K. In both TEM images a recrystallization within the HIPIMS grown

Cr interlayer is observed, which developed further in towards the CrN film with

increased annealing time. For the sample annealed for 2 hours the recrystallized

region continues over 300 nm into the CrN layer. This region showed a dense

microstructure with significantly enlarged grains which do not extend throughout

the whole film thickness. The CrN film on top of this region does not exhibit

pronounced changes in the microstructure compared to the as-deposited film. The

native oxide is still present due to the low ion bombardment during pretreatment

leading to deposition rather than etching. Even though there is a native oxide

present on the surface no detachment of the Cr film from the steel is observed

which indicates a change of the interfacial properties when compared to the as-

deposited sample.

When annealing for a longer time the recrystallized region extends further

down into the CrN film, as can be seen in Fig. 4.22, showing the sample annealed
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(a) CrN-5: Electron diffraction pattern in the
Cr region.

(b) CrN-5: Electron diffraction pattern in the
CrN region.

Figure 4.20: Electron diffraction patterns from the TEM.

(a) CrN-5a, annealed for 2h: Bright field micro-
graph showing the substrate, HIPIMS-Cr layer
and the dc-CrN layer. Furthermore, a large re-
crystallization area is present.

(b) CrN-5a, annealed for 2h: TEM image show-
ing the Cr-CrN interface region at higher mag-
nification.

Figure 4.21: TEM micrographs of the interface regions of sample CrN-5a, show-
ing the modified HSS, the Cr+CrN films and the recrystallization areas.
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Figure 4.22: CrN-5b: TEM micrograph showing the recrystallization area in the
film.

for 4 hours at 900 K.

4.6.2.4 EDX Linescans - CrN-5

A closer look at the two annealed samples reveal a huge difference between them.

In the sample annealed for 4 hours, CrN-5b, the nitrogen content has been de-

creased. Alternatively, the Cr content has increases and the Cr layer is transformed

into a Cr2N layer. No sign of this is evident in sample CrN-5a, see Fig. 4.23. Mass

transport and intermixing is though seen in both these interfaces. The transition

region increases from 7 to 10 nm when the CrN-5a and CrN-5b are compared.

To see which path the atoms choose when diffusing, a scan over a Cr grain in

sample CrN-5a was performed, see Fig. 4.23(c). This reveals that in the grain,

there is only Cr present, but at the grain boundaries, oxygen is present, indicating
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that this is the major diffusion path.
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Figure 4.23: EDX linescans over the interface regions and over a Cr grain.

4.6.2.5 CrN-6

In the XTEM image of the sample with a HIPIMS pretreatment step at a substrate

bias of UB = 1100 V shown in Fig. 4.24, no Cr layer is present between the

substrate and the CrN film. Furthermore, there is no amorphous layer between

the HSS substrate and the CrN film observed, indicating that the native oxide

layer on the HSS surface was completely removed during HIPIMS pretreatment.

The CrN columns are dense and there is no competitive growth observed even

though the film is grown by conventional dcMS. Instead a structural correlation

between the HSS substrate and the CrN layer is evident. Therefore it is assumed

that the CrN is grown epitaxial onto the HSS substrate. Fig. 4.24 shows the SAED

patterns of the substrate and the CrN film grown on top, proofing an epitaxial

relationship between the film and the substrate. A substantial ion implantation
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into a stainless steel (SS) substrate has been shown before in Ref. [6]. The EDX

linescan performed across the CrN film and the SS substrate is also presented in

Fig. 4.24. It shows a significant amount of Cr to a depth up to 15 nm, which is

a result of radiation-enhanced diffusion due to intensive ion bombardment with

a mixture of Ar and Cr ions of multiple charge leading to a broadening of the

intermixing region [6].

Figure 4.24: CrN-6: HR-TEM micrograph showing the interface at high magnifi-
cation. There is no oxide layer present and the growth seem to be mostly epitaxial
on the HSS substrate. The SAED patterns show epitaxial relationship.



Chapter 5

Discussion

In this study, six depositions were made with different substrate pretreatment pa-

rameters varying the substrate bias (Ub = 0 V, 200 V, 600 V and 1100 V) at

ambient temperature as well as at a substrate temperature of 400◦C. The depo-

sition parameters were chosen to show how kinetically induced diffusion and ion

bombardment changes the interface chemistry and structure. At elevated tempera-

tures, diffusion will be thermally driven. Annealing steps were therefore performed

after deposition at 900 K in an Ar atmosphere to see how thermally driven diffusion

effects the interfacial composition and coating adhesion. The films were charac-

terized employing XRD, HR-TEM, A-STEM and by scratch test measurements

to see how the the interface microstructure can be correlated to the adhesion of

the coating. Previous investigations has been done in the field of surface pretreat-

ment for adhesion improvement of transition metal nitrides on steel substrates.

These investigations show that by applying a negative substrate bias Ub on the

substrate, the adhesion was enhanced. This was due to sputter cleaning of the

substrate and intermixing of metal ions at the interface. This intermixing causes

a gradual change of the composition at the interface and this is considered as an

important factor to enhance the adhesion.

Two of the samples with a HIPIMS grown Cr interlayer deposited at Ub =

0 V (CrN-1 and CrN-2), were not further analyzed since the coating peeled off

the substrate directly after deposition due to extremely poor adhesion, unable to

withstand the residual compressive stresses in the coatings. The pretreatment

step performed on these samples was done with the substrates grounded with

pretreatment times (tp) of 25 and 75 min, respectively. The ion bombardment on

these samples is low due to the low substrate bias and the prolonged pretreatment

69
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time did not affect the adhesion or residual stress in a positive way. The poor

adhesion is assumed to be related to the native oxide layer on top of the HSS

substrate.

The sample pretreated at Ub = 200 V at T = RT (CrN-5), has an extremely

poor adhesion in the as-deposited state (Lc2 = 11.0 N). The low substrate bias

during the pretreatment step does not etch away the native oxide or implant

Cr into the substrate surface, instead a Cr layer is deposited. The TEM image

shows that the coating has detached from the substrate due to the poor adhesion

caused by the native oxide. Though, when looking at the Cr-CrN interface, the

CrN has grown epitaxially on the Cr layer forming a well adhered structure. The

Cr layer is grown in wide columns, and so is the subsequently grown CrN. The

TEM micrographs show a crystalline material. In contradiction to this, the XRD

scans show broad peaks. Since the grain sizes are large, this broadening can be

related to anisotropic microstrain in the sample. This is in agreement with, that

low substrate bias in the pretreatment step, seems to produce coatings with high

residual stresses as in the two coatings produced with the substrate bias at ground

potential. This poor adhesion can be improved though, as described below, by

annealing of the samples.

When annealed for 2 hours, the TEM micrograph shows that the film is at-

tached to the substrate. The EDX linescans show that Cr has diffused through

the native oxide, reaching the HSS substrate, perhaps forming chromium-oxide

(Cr2O3), a compound known to often promote adhesion and epitaxy. Recrys-

tallization occurs at the interface, forming two interfaces instead of one in the

coating. One between recrystallized HIPIMS-Cr and recrystallized dc-CrN and

one between recrystallized dc-CrN and as-deposited columnar dc-CrN. This third

layer showing up in the coating is probably due to that dc-CrN is decomposing

diffusing into the HIPIMS-Cr forming Cr2N. The X-ray diffractogram from this

sample, confirms the formation of Cr2N. This sample shows quite good adhesion

in the scratch tests with a critical load of failure Lc2 = 53.5 N. An image showing

the critical load vs. pretreatment parameters and annealing time for all samples

is shown in Fig. 5.1.

Further annealing of this sample, 4 hours at 900 K, increases the critical load

of failure to Lc2 ≥= 80 N. The native oxide layer is almost totally removed and

Fe diffusion into the Cr layer is seen in the EDX linescans. The same thing as for

sample CrN-3 is also observed, Cr2N is formed near the Cr-HSS interface.

The two samples pretreated at Ub = 600 V, CrN-3 and CrN-4, were grown

under the same experimental conditions except for the pretreatment temperature,
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Tp. Sample CrN-3 was not additionally heated during pretreatment while CrN-4

was heated to 400°C. In the scratch test measurements, no significant difference in

the critical load of failure between these two samples was seen. The adhesion at

this substrate bias is promoted by etching of the native oxide layer on the substrate,

creating nucleation sites on the surface. The sample pretreated at 400°C showed a

slightly higher critical load, Lc2 = 26.5 N, than CrN-3 (24.5 N), most probably due

to additional diffusion of Cr into the HSS substrate, creating a material gradient

across the interface, promoting the binding to the substrate.
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Figure 5.1: Critical load for differently pretreated samples showing influence of
substrate temperature and bias as well as annealing time.

The TEM micrographs for sample CrN-3 shows a columnar structured CrN

growth. There is no competitive growth evident in the image and local epitaxial

growth is observed on the modified HSS surface. The EDX linescans shows that

a native oxide is still present at the surface and that some Cr has been implanted

into the HSS substrate. The transition region between ”pure“ CrN and HSS in

this sample is about 14 nm.

At the substrate bias Ub = 600 V used during the pretreatment of these samples

no film growth in the pretreatment step was seen, but rather etching/cleaning

of the substrate had occured. This result is not in agreement with the results
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reported earlier[6], where a Cr-film was deposited at this substrate bias. The only

difference is that two different pulsed power supply were used. To investigate

this, an etching test was performed. These measurements showed that there is a

significant difference between the etching results between the two power supplies

and that there is no film grown at Ub = 600 V for the SINEX 2.0AS-14 while

a growth rate of ∼ 600 nm/h was observed for the Chemfilt v1.0 which is in

agreement with the deposition rate found for the earlier experiments published

in Ref. [6]. To see why this is the case, substrate current and optical emission

measurements was performed. Substrate current investigation is a measure of the

ion flux at the substrate during sputtering. These measurements show that with

the SINEX 2.0AS-14, at a lower substrate bias, a higher current is measured at

the substrate and the current saturates at 25.7 A whereas the current saturates

at 18.5 A for the Chemfilt V1.0. This is either due to a higher ion density or that

there is a higher density of multiply ionized species in the plasma. Doubly ionized

species would account for the difference between the two studies since these ions

would have twice the energy when impinging on the surface, and the probability for

etching and implantation is therefore higher. The optical emission measurements

reveal that the SINEX 2.0AS-14 creates a higher density of singly ionized species in

the plasma. Due to the low transition probabilities for doubly ionized species the

intensity is to low to be measured with the setup used and therefore no conclusions

about the doubly ionized species could be drawn but since the density if singly

ionized species is higher, the density of doubly ionized species was also assumed

to be higher. These results accounts for the difference in the two studies.

When annealed for two hours, CrN-3 was the sample showing the largest im-

provement (24.5 N→76.0 N) in the scratch test measurements. By comparing the

TEM images of the as deposited (CrN-3) and annealed (CrN-3a) sample it is seen

that the columnar structure in sample CrN-3 has recrystallized after annealing,

forming a denser structure but with the drawback of void formation. This is also

verified by the XRD scans, narrower peaks show up in the diffractogram after

annealing. The increased critical load is resulting from the extensive Fe and Cr

diffusion, making the transition region broader. In the EDX linescans these com-

positional changes can be seen. Also oxygen diffuses and the etched native oxide

layer present on the HSS is no longer as pronounced as in the as deposited sample.

The CrN-4 sample also show an improvement (26.5 N → 35.5 N) after annealing

in these measurements. No conclusive explanation for this modest improvement,

when compared to sample CrN-3, has been found. One possible explanation is

that a flawed or contaminated substrate was used.
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The scratch measurements are, as previously discussed, substrate hardness

dependent. To see how annealing at 900 K influences the hardness of the substrate,

Vicker hardness measurements were performed on the backside of the substrates.

It was shown that the substrates do get softer after annealing. The Vicker number

decreased about 25% but on the other hand it has been shown that softening of

the substrate would negatively influence the adhesion of a hard and brittle coating

in a scratch test[25]. Thus, if the result from the scratch measurements improves,

the softening of the substrates should not be the factor responsible for these it.

These two samples were also annealed for a longer period of time, 4 hours at

900 K. This increased the critical load in the scratch measurements done to above

80 N, exceeding the maximum measurable value. The TEM micrograph of sample

CrN-3b reveals an even larger recrystallization area and the EDX linescan shows

a larger transition area at the interface between the substrate and the coating.

Furthermore, the EDX linescan reveals that the CrN film has decomposed and

nitrogen has diffused out from the film and/or into the substrate and a dense

Cr2N layer free from voids has been formed near the interface between the film

and the interface. The filling of the voids can be due to that expansion of the

lattice when forming Cr2N. The unit cell for Cr2N is about 66% larger than for

CrN. This Cr2N layer seems to be promoting the adhesion to the substrate.

The XRD scans for the annealed samples show broadening of the grains during

annealing. The preferred orientation of the CrN coatings is seen to be the (220)

orientation and to some extent also the (200).

The last sample, CrN-6, was only examined as deposited. The native oxide

is totally etched away and a substantial amount of Cr is implanted into the HSS

substrate during the pretreatment. This is the sample showing the best adhesion

as deposited in the scratch tests made, with Lc2 = 28.5 N. This is a result of

that most of the growth is epitaxial on the modified HSS surface, promoting and

maximizing the bonding to the coating.
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Chapter 6

Conclusions

Good adhesion comes from promoting epitaxial growth. Low or no substrate

bias during pretreatment is not promoting epitaxial growth since the amorphous

native oxide is not etched. A Cr-layer is deposited that peels off the substrate

since the bonding strength to the oxide is to low. This can be seen in Fig. 4.19.

The deposited Cr-layer is on the other hand serving as a foundation for epitaxy

and promotes adhesion of the subsequently deposited dcMS CrN-layer as seen

in Fig. 4.21. The substrate-Cr adhesion can be improved by annealing. It is

determined by EDX linescans that the mechanism for this adhesion enhancement

is interdiffusion over the native oxide in the interface region, forming a less abrupt

transition between substrate and film.

At a higher substrate bias (Ub = 600 V), cleaning and etching of the substrate

can be found but no significant implantation. These samples show better adhesion

as-deposited. This proves the importance of clean surfaces to promote local epitax-

ial growth. The pretreatment temperature seem so have limited influence on the

adhesion, giving only a small increase of the critical load of failure when comparing

the samples pretreated at T = RT and 400ºC. This small increase is probably due

to diffusion of Cr into the HSS substrate. Upon annealing of these samples, the

critical load of failure increases due to significant diffusion in the interface region.

For the small increase for the sample CrN-4 pretreated at T = 400ºC when com-

pared to CrN-3 pretreated at T = RT, no good explanation could be found. One

possible explanation is that, as previously stated, a flawed or contaminated was

used interfering with the growth.

A further increase in the substrate bias during pretreatment (Ub = 1100 V)

etches the substrate and a more pronounced implantation occur as seen in Fig.
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4.24. No native oxide is present on the substrate and the linescan shows implanta-

tion of Cr into the substrate. Applying this high bias is shown to not significantly

increase the critical load of failure.

This shows that a clean surface and epitaxial growth are more important than

implanting the film material to get a gradient of the chemical composition at the

interface. The best result is obviously achieved by annealing the sample in order

to allow for diffusion. This might due to induced radiation defects resulting in

high strain at the interface high substrate bias. When post-annealing, however,

these defects and the strain is decreased.
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Appendix A

TEM sample preparation

In this appendix a way of making a TEM sample called cross section sample will be

discussed. Since the sample needs to be extremely thin to be electron transparent

it is a quite hard work to do. The steps that is to be taken are as follows:

1. Select a titanium grid that suits your application. The ones used in this

work had a sample holder that could fit a piece that has the dimensions 1.0

mm thick, 1.8 mm wide and the thickness of the grid itself is 0.5 mm. When

making a cross section sample you want to fit in two pieces in the Ti grid

with the films facing each other so the pieces should in this case have the

dimension 0.5 mm x 1.8 mm. The grid is 0.5 mm thick so the height of the

pieces is not that important as long as it is larger than 0.5 mm since this is

where you need to grind the sample to appropriate thickness.

2. Cut out two pieces from your sample that has the appropriate dimensions

for the Ti grid used. The dimension used in this work is written above and

how the sample should be cut and positioned is illustrated in figure A.1(a)

and A.1(b) respectively.

3. Position them with the interfaces facing each other and make sure that the

pieces are pressed down thoroughly into the grid.

4. Clamp the two samples together using the two holes on the grid to press the

walls together.

5. Fix the samples in the grid using epoxy glue consisting of 70% Araldite and

30% Graphite. This mixture has to be hardened for 2.5 hours at 170°C.

After this you should remove all residual Araldite.
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(a) Schematic figure of the substrate with
the film deposited on top.

(b) Schematic figure of the Ti
grid with the samples posi-
tioned in it.

Figure A.1: Schematic images showing how to cut the sample and how to
position the pieces in the Ti grid.

6. This sample now has to be polished down to approximately 50 µm thickness.

The polishing should be done on both sides of the sample and by starting

with a rough grinding paper and successively going to finer paper, ending at

1-3 µm diamond grinding paper depending on the substrate used. Always

grind in the direction of the interface between the two pieces.

7. Since almost all of the above steps is done by first gluing the TEM sample

to a glass plate, now is the time to clean the sample from glue residue.

8. Dimpling can be performed if the substrate used is hard to ion mill which is

the next step. This is done by using a grinding wheel covered with diamond

paste. The sample is mounted on a rotating holder and the rotating wheel

is then lowered on top of the sample and only the middle of the sample will

be grinded. The diameter of the dimpled crater can be used to estimate the

remaining thickness of the sample.

9. Now you need to ion mill the sample to get it even thinner. The ion miller

will bombard the sample with Argon ions while it rotates. It i important to

mount the sample in the rotational center of the ion miller so the ion beams

hit it in the interface region.

10. When a small cat eye shaped hole appears in the middle of the sample,

lower the accelerating voltage on the ion miller and only mill from one side

to polish the sample.

11. The sample is ready to put into the TEM.



P̊a svenska

Detta dokument h̊alls tillgängligt p̊a Internet — eller dess framtida ersättare —
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ordinära omständigheter uppst̊ar.

Tillg̊ang till dokumentet innebär tillst̊and för var och en att läsa, ladda ner,
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