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Abstract 

Nickel based coatings were deposited on copper substrates by two different sputtering techniques from a nickel alloy based target. The substrates 
used were commercially available copper based substrates for low duty electrical contacts.  The coatings were analyzed and evaluated as copper 
diffusion barriers for electrical contact applications. In addition two types of commercially available electroplated nickel coatings (referred to as 
type A electroplated coatings and type B electroplated coatings) were characterized for comparison. The  Technique I sputtered coatings were 
deposited using three different substrate bias voltages and two different working gas pressures. The Technique II coatings were deposited using two 
different substrate bias voltages and two different working gas pressures. All sputtered coatings were deposited at a temperature of 200° C. The 
quality of the barriers was investigated by analyzing their composition, microstructure, stress, mechanical properties , and surface roughness. The 
results show that sputtered coatings have polycrystalline structures while the two plated films had (200) orientation and (111) orientation. Both 
plated coatings contained impurities that originate from chemicals used in the plating baths. The surface of the sputtered coatings reflects the 
substrate surface, while the electroplated samples on the same substrate (type A coatings) show a smooth mirror like surface and the type B 
electroplated coatings show a rough surface.                                                                                                                                                                   

Technique II sputtered coatings showed the highest hardness in the amount of 13 GPa, followed by electroplated type A coatings with a hardness of 
about 9 GPa while the  Technique I coatings showed hardness of 6-8 GPa. All sputtered coatings exhibited compressive stress while the 
electroplated type A coatings exhibited tensile stress of almost twice the magnitude. 

In this study it is shown that sputtered nickel based coatings sputtered nickel based coatings are a promising more environmental friendly alternative 
to electroplated nickel coatings.  
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Abstract 

Nickel based coatings were deposited on copper substrates by two different sputtering 
techniques from a nickel alloy based target. The substrates used were commercially available 
copper based substrates for low duty electrical contacts.  The coatings were analyzed and 
evaluated as copper diffusion barriers for electrical contact applications. In addition two types 
of commercially available electroplated nickel coatings (referred to as type A electroplated 
coatings and type B electroplated coatings) were characterized for comparison. The 
Technique I sputtered coatings were deposited using three different substrate bias voltages 
and two different working gas pressures. The Technique II coatings were deposited using two 
different substrate bias voltages and two different working gas pressures. All sputtered 
coatings were deposited at a temperature of 200° C. The quality of the barriers was 
investigated by analyzing their composition, microstructure, stress, mechanical properties, and 
surface roughness. The results show that sputtered coatings have polycrystalline structures 
while the two plated films had (200) orientation and (111) orientation. Both plated coatings 
contained impurities that originate from chemicals used in the plating baths. The surface of 
the sputtered coatings reflects the substrate surface, while the electroplated samples on the 
same substrate (type A coatings) show a smooth mirror like surface and the type B 
electroplated coatings show a rough surface. 

Technique II sputtered coatings showed the highest hardness in the amount of 13 GPa, 
followed by electroplated type A coatings with a hardness of about 9 GPa while the  
Technique I coatings showed hardness of 6-8 GPa. All sputtered coatings exhibited 
compressive stress while the electroplated type A coatings exhibited tensile stress of almost 
twice the magnitude. 

In this study it is shown that sputtered nickel based coatings are a promising more 
environmental friendly alternative to electroplated nickel coatings.  
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1. Introduction 

1.1 Background 

Systems consisting of a gold layer, nickel layer and copper substrate are generally used for 
low current electrical contact applications, such as in various portable electronic devices 
(cell phones, computers), some automation systems (instrument controls), and radio and 
data communication systems (data transmission devices). 

Gold or silver is usually used because of the resistivity of noble metals to oxidation and 
corrosion, providing stable operational conditions. Copper is used as the basis metal due to 
convenient properties such as high conductance and ease to form to different shapes and 
being relatively cheap1. However, due to thermodynamic effects, copper diffuses into the 
contact metal layer deteriorating the contact. As the material system has compositional 
variations, the free energy of the system will vary from point to point and the system will 
not be in thermodynamic equilibrium. Mass diffusion is a natural result driving the system 
towards thermodynamic equilibrium2. The diffusion can result in change of the initial film 
structure, leading to adhesion worsening, increased stress generation, decreased 
conductivity and finally instabilities in the contact. To suppress copper diffusion into the 
contact metal, a nickel barrier layer is often applied in-between. Nickel has several 
desirable features for a barrier such as high thermal stability, high resistance to oxidation 
and corrosion, dense structure, and it has the effect of enhancing the wear resistance of the 
gold top layer and reduces both the number and effect of pores 1, 2, 3, 4, 5, 6. In addition, as a 
new nanocomposite/nanolayer material (MAX phase) 7 has been developed as an alternative 
for gold in electrical contacts, nickel is used for its hardness properties as an adhesion 
enhancing layer.  

Studies have shown that in polycrystalline films, for temperatures below one-half or two-
thirds of the melting temperature, the diffusion occurs through grain boundaries and other 
defects in the solid8. Other investigations have confirmed that for temperatures below           
700° C grain boundary diffusion dominates for a system of copper and nickel layers9.Thus, 
grain boundaries are of great importance in diffusion barriers and should be minimized. The 
grains in thin films can have sizes in the range of micrometers to ångstroms while the 
boundaries have widths between 5 and 10 ångstroms 4. Studies have revealed that when two 
materials are in contact it is more likely that the small grained material diffuses into the 
larger grained material, assuming equal diffusity of the bulk materials over an interface.9                                        
In general, the barrier efficiency can be assumed to vary as follows:                                  
[Polycrystalline] < [giant grained barriers] < [nanocrystalline (amorphous like, containing 
amorphous areas), amorphous or single crystalline] due to the fact that the grain boundary 
density is minimized in that order, leading to less diffusion10.  Previous work has also 
shown that relatively pure nickel alone is not sufficient for forming stable efficient 
diffusion barriers11 

 Given the results presented above, a single crystal barrier would be an ideal efficient 
barrier, due to absence of fast diffusion paths in the form of grain boundaries. However, 
depositing single crystals is not practical for applications in the industry due to the high 
deposition temperatures required. One alternative is a giant grained barrier, meaning larger 
areas behaving as an ideal single crystal, which has been shown to lead to less diffusion12. 
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Another alternative to minimize grain boundary density would be depositing amorphous or 
nearly amorphous barriers, for example nanocrystalline films with amorphous areas. 

Desirable properties of the nickel film include low intermixing rate with the surrounding 
gold and copper at the highest operational temperature, strong adhesion to the copper 
substrate, low resistivity, low stress values, high resistivity to applied stress, uniform 
structure, high density and uniform smooth surface. Often not all these criteria can be 
fulfilled at once, hence a compromise must be found.2, 13 

There are mainly two growth techniques for depositing the barrier layer. These are 
electrochemical deposition techniques such as electroplating, and vapor phase growth such 
as chemical vapor deposition (CVD) or physical vapor deposition (PVD) techniques 14. 
Today, electroplating is commercially used for mass production of the nickel barrier1. In the 
electroplating process, the metal is deposited on a conductive substrate in a liquid solution 
bath containing ions of the metal, different salts and chemicals are also added. One 
disadvantage in electroplated coatings is presence of impurities from the plating bath, often 
leading to higher resistivity. Other disadvantages are high stress values that can lead to 
cracking, limited variation possibilities as different metals behave differently in the 
electrolyte bath, and another serious disadvantage is the generation of hazardous chemical 
byproducts used in the plating bath. In CVD the coating is formed from gaseous precursor 
molecules. Similar to electroplating, CVD is not a very green technique as many of the 
reactive gases needed are often toxic, flammable, corrosive or pyrophoric.  

A promising PVD technique alternative for nickel deposition is sputtering. In this method 
energetic ions from a noble gas hit a sample from the metal to be deposited, called a target. 
The impact causes vaporization of the target material. The vapor then condenses to form a 
film on the substrate. Advantages over electroplating include possibility of wide alloy 
composition variations, ability to form a variety of structures including multilayer or 
amorphous phases, and ability to deposit a wide range of materials on any substrate. In 
addition, sputtered coatings contain less contaminants and the sputtering process is more 
environment friendly.1 
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1.2 Aim 

The aim of this thesis is to investigate the possibilities of developing nickel based coatings by 
sputtering as an alternative to electroplating and investigate the properties of the sputtered 
coatings as well as commercially available electroplated coatings for comparison purposes. 
The investigated coatings should be analyzed with respect to their:                                                    
1. Microstructure                                                                                                                                        
2. Surface                                                                                                                                                   
3. Composition                                                                                                                                          
4. Mechanical properties                                                                                                                               
5. Stress.                                                                                                                                                       
In addition, the thickness will be measured as it is an important parameter in case of a future 
diffusion study, and might also have an impact on the stress in the coatings and the XRD 
phase diagrams. 

The criteria used for good coatings within the above mentioned different analysis are as 
following:                                                                                                                    
1.Preferably giant grained or amorphous films (or nanocrystalline in amorphous surroundings)                                                                                         
2. Dense, smooth surface                                                                                                                       
3. Free of contaminants                                                                                                                         
4. Low amount of stress which should preferably be compressive to avoid micro voids                         
5. Hardness comparable to the hardness of Ti3SiC2 MAX phase (about 15 GPa)15 since this 
MAX phase is an interesting alternative for gold in electrical contacts.     
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2. Introduction to Crystalline Materials  

2.1 Crystallography 

Solid materials that have their atoms, ions or molecules arranged in a regular repetitive pattern 
in space are called crystals. There are fourteen such possible patterns and they are called the 
Bravias lattices. See figure1. 

  

Figure 1. Bravais lattice 16             

To identify a specific plane in a crystal, the Miller indices denoted (h k l) are used. These are 
obtained by determining the intercepts of the plane on the three crystal axis in number of unit 
cell dimensions, taking the reciprocals of those numbers and reducing those to smallest 
integers. In cubic crystal systems Miller indices coincide with the carthesian coordinates.  

A crystalline material that consists of several grains with different growth plane orientations is 
called polycrystalline. The degree to which the grains have the same orientation is called 
texture or preferred orientation. When a crystal material consists of only one grain to the 
edges of the sample it is called single crystal. On the other hand if the atoms are randomly 
arranged the material is called amorphous.2 
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2.2 Crystal defects 

In practice not many crystalline materials consist of a perfect identical crystal lattices repeated 
in three dimensions. In a polycrystalline material the grain boundaries between grains of 
different orientations are defect areas with less tightly bounded atoms. In these regions the 
probability of several atomic reactions and processes are higher, such as diffusion and phase 
transformation. The fraction of atoms in grain boundaries is approximated by 3a / l, where a 
is the atomic dimension and l is the grain size.  

A lattice cell can also contain vacancies at atom positions. This occurs when the energy ε 
needed to remove an atom from the cell to the surface is low. The probability of vacancies 
grows exponentially according to f = e-ε / kT, where k is Boltzmann's constant and T is the 
temperature. Vacancies have a big influence on diffusion and are involved in processes such 
as grain growth, phase transformation and recrystallisation. Another type of point defect is 
called interstitial defect and occurs when two atoms share one site.2 
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1. Film Growth and Deposition 

3.1 Film growth theory  
The growth of a film is initiated when the atoms condense on the substrate surface. Striving to 
minimize the energy the atoms form small islands. Later, again due to energy minimization, 
these islands coalesce in a liquid like form, especially at high substrate temperatures. The 
islands often preserve their crystallographic orientation when they merge together. There are 
basically three different modes for film growth, which is illustrated in the figure below.  

  

Figure 2. The different growth modes 17 

a. Island growth (Volmer-Weber) 

This mode occurs when the atoms in the deposit are more strongly bound to each other than to 
the substrate atoms.  
 
b. Layer growth (Frank-van der Merwe) 

In this case the depositing atoms are more strongly bounded to the substrate than to each 
other. The first complete layer is covered with a less tightly bounded layer. The necessary 
binding energy decreases continously towards the bulk value.  

c. Layer + island growth (Stranski-Krastanov) 

This mode is an intermediate combination of the two modes previously described above. 
After initial layer growth it is more energetically favorable for the atoms to grow in island 
mode. This mode is common when metal is grown on a metal substrate. 

When the mobility of the depositing atoms impinging on the substrate is limited, columnar 
grains are observed in the film structure. This has been observed in polycrystalline films, 
some examples are high-melting point materials such as chromium, germanium, and nickel. 
Between the column shaped grains are the low density grain boundaries.2  
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In many cases the deposited film structure can be related to the so called zone structure. The 
structure of the deposited film has been known to depend on the mobility of the depositing 
atoms, which depends on the ratio of the substrate temperature to the melting temperature of 
the deposit material TS/TM, and the pressure of the sputtering gas, usually argon, see Figure 3. 

  

Figure 3. Zone structure model 18 

There are four different zones (1, T, 2, 3) and their film properties are summarized in table 1 
below. In zone 1 the grain boundaries are voided and the structure is porous due to limited 
energy to coalesce the islands. The grains have a columnar shape, with a diameter of about 
tens of nanometers and have many defects. With increasing thickness cones with wider voids 
between them emerge. The cones terminate with domes. Because of low deposit atom 
mobility the film gets a rough surface. A rough substrate surface promotes this structure. 

In zone T a preferred orientation takes place, and columnar grains are observed. The deposit 
atom mobility is still relatively limited, but here the cones and the wide voids are absent. 

In zone 2 and 3 the increasing substrate temperature leads to increasing lattice diffusion in the 
depositing film. Zone two usually occurs at TS/TM > 0.3. Atoms move from one grain to 
another that is more energetically favorable, resulting in large columnar grains. The grains 
have less crystalline defects and thinner grain boundaries than the two previously mentioned 
zones. The grain size increases with increasing TS/TM .                                                                        
Zone three often occurs at TS/TM > 0.5 with grains that are less columnar and more isotropic. 
The surface is usually smoother in this zone but there might be some trenches at grain 
boundaries 19. The associated voids for the porous zones lead to smaller density values. The 
density increases with increasing thickness until it reaches the density value of bulk material.2 
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Table 1. Film properties of different structure zones. 
Zone Structure Film properties 

1 Voided boundaries, porous structure.  Hard, rough surface. 

T Dense grain boundary arrays. Columnar 
grains. 

High dislocation density, hard 

2 Columnar grains, dense grain boundaries. Hard, dense. 

3 Large columnar grains. Low dislocation density, soft 
grains. 

 
3.2 Diffusion in thin films 
When a system consists of layers of different materials, differences in composition can lead to 
local differences in the free energy of the system and to thermodynamical imbalance. The 
system then naturally generates mass-transport processes in order to reach thermodynamical 
equilibrium and reduce free energy variation. Effects of such processes include phase 
transformation, recrystallization and formation of compounds.  

The diffusion transport flux is given by                                                                                                  
J = - D dC/dx,                                                                                                                                     
where D is the diffusion coefficient given in cm2 /s and depends on both the diffusing material 
and surrounding matrix, while dC/dx is the concentration gradient. D increases exponentially 
with temperature. 

The total diffusion is the sum of grain boundary diffusion, dislocation diffusion and lattice 
diffusion. In polycrystalline thin films, the small grain size implies that there are less tightly 
bound atoms in grain boundaries, interfaces, and dislocations than in bulk materials. These 
less bound atoms are more apt to migrate and lead to fast diffusion down through the 
boundaries and then into the surrounding grains. In addition, as the activation energy for grain 
boundary diffusion is low, it is the prominent diffusion mechanism at low temperatures. An 
estimation to the grain boundary diffusion for FCC metals is given by:                                              
ơ Db ≈ 1.5 x 10-8 exp (- 8.9 TM/TS) cm3/s                                                                                            
where Db is the diffusion coefficient for grain boundaries, ơ is the width of the boundary, TM 
and TS is the melting temperature and the substrate temperature, respectively.  

It has been experimentally observed that the boundaries in columnar grained nickel serve as 
diffusion paths for copper, and that the diffusion decreases with increasing thickness of          
the nickel barrier layer. The grain boundary diffusion dominates for temperatures below      
700 °C 2, 9. Starting to diffuse through the voided grain boundaries, the diffusing species 
eventually begin to leak into the adjoining lattice.  

When there is a need to keep two materials from interdiffusing and mixing with each other, a 
layer of a certain material serving as a diffusion barrier between them can be used. The barrier 
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will slow down the equilibrating processes in the system. The requirements on an ideal 
diffusion barrier between a material A and B for electrical contacts are the following: 

1. Good kinetic barrier properties: The rate of diffusion of A and B in the barrier layer should 
be low. The optimized scenario is when the two materials are mutually immiscible. 

2. Thermodynamically stable: The rate of diffusion of the barrier layer into A and B should be 
low.  

3. It should adhere well to A and B, have low contact resistivity, be resistive to thermal and 
mechanical stress, and have a uniform thickness and surface structure.  

Several of the requirements above cannot be fulfilled at once, so in practice a balance between 
them has to be found.8, 11 
 
3.3 Stress in films 
When a solid material experience strain it becomes stressed. The material can be compressed 
(figure 4 a) or elongated (figure 4 b) depending on the direction of the stress. In the elastic 
stress range, the material returns to its original shape after the stress is removed. The 
fractional amount by which the solid is stretched or compressed is what is called the strain, 
and the ratio of the stress to the strain is called elastic Young's modulus. This constant is a 
measure of the stiffness of different materials. At a certain stress level, usually called yield 
point, the deformation remains after the stress is removed. The stress is then called residual 
stress. At even higher stress values, the material fractures.  

The experienced strain will induce stress in its direction. Conservation of volume leads to an 
opposite strain in the other directions. For example a stress ơx inducing an elongation strain      
εx, will induce contraction strains εy and εz . For a general case of stress in all three dimensions, 
the resultant strains for isotropic materials are given by: 

ε x  = ( ơx - ν(ơy + ơz))/Y  

ε y  = ( ơy - ν(ơx + ơz))/Y  

ε z  = ( ơz - ν(ơx + ơy))/Y  

Where Y is Young's modulus and ν is a material dependant constant known as the Poisson's 
ratio. In the case of thin films, the stress is often in the plane of contact with the substrate. 
Stress in deposited films is usually divided to two groups, extrinsic stress and intrinsic stress. 
The first kind of stress is caused by change in the external environment of the film, such as 
change in temperature or an applied force. Intrinsic stress is caused by the conditions of the 
film deposition process, or the conditions of a post-deposition treatment. The most common 
reason of intrinsic stress is the difference of the deposition temperature and the temperature 
after deposition. Different materials expand different amounts upon heating. If the substrate 
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has expanded to larger dimensions than the film, it will apply tensile stress on the film. To 
reach a mechanical equilibrium, the film will respond by applying compressive stress on the 
substrate. In order to compensate for the bending moments, the film-substrate pair will be 
bent concavely upward. In the same way, compressive stress in the film will result in a 
downward concave bending.  

 

Figure 4. a) Film under permanent tensile stress. b) Film under permanent compressive 
stress2 

Intrinsic stress can be related to chemical reactions or particle bombardment during 
deposition. Chemical reactions can occur beneath the growth surface, that is, where the film 
structure has already frozen. In that case, either compressive or tensile stress can develop. If 
the reactions add mass into the frozen areas, compressive stress develops. On the other hand, 
if the reactions result in removed mass from the film, tensile stress emerges. Bombarding 
particles during film growth can produce compressive stress. This is achieved by implanting 
the particles in the film or by momentum transfer to the deposit atoms. In the later case the 
atoms get more densely packed than in their relaxed bond lengths. Tensile stress is developed 
because of micro voids in thin films. Initially grains form and grow until they are separated by 
small gaps. Interatomic forces and energy minimization lead to grain boundaries being formed 
across the voids with resulting tensile stress.  

Stress in films can cause undesirable behavior such as growing voids, which can speed up 
diffusion or develop into cracks. However, small amounts of compressive stress can 
sometimes have a good effect on film quality, as it can strengthen the film against tensile 
stress or produce a more dense film, which can be desirable in some applications.2, 19 
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3.4 Deposition techniques 

As mentioned earlier, there are mainly two deposition techniques for depositing nickel 
coatings, which are wet processes such as electroplating and dry processes such as CVD and 
PVD techniques12. In CVD the solid film is deposited from gaseous precursors that upon 
condensation either dissociates, chemically reacts with other precursors or the substrate 
material. An advantage with CVD is the possibility to deposit coatings on substrates with 
complex geometries. However, a serious disadvantage of CVD is the bad effect on the 
environment and safety. The gases used in CVD are often toxic, flammable, corrosive or 
pyrophoric.  

In PVD the material to be deposited is transformed to a gas phase by physical means, for 
example heating or sputtering, instead of chemical means as in CVD. It is then transported to 
the substrate where it forms the film atomistically.                                                                  
 
Electroplating is a different technique; here the substrate is coated in a bath containing an 
electrolyte. Current flows between the substrate and the material to be deposited inducing film 
formation on the substrate. Electroplating, similar to CVD, has the disadvantage of negative 
effects on the environment and safety because of the various hazardous chemicals used in the 
process. In this work sputtered and electroplated nickel films are studied. In the following 
sections these two deposition methods are discussed.2, 19  

3.4.1 Sputtering Techniques 

This method belongs to the PVD family. The material to be deposited, called the target, is 
connected to a negative terminal of a power supply and is often referred to as the cathode. The 
substrate, referred to as the anode, can be grounded, biased, heated or cooled. The voltage 
difference between the substrate and target creates an electric field between them. 

At high enough voltages insulating solid materials can have an electric breakdown and start to 
conduct electricity. In the same manner, an initially insulating gas introduced in the deposition 
chamber, for example Argon, will start to conduct electricity. This effect is explained by 
Townsend discharge, where a stray electron near the cathode collides with an Argon atom 
ionizing it and thus releasing a second electron, which can ionize a second Argon atom, and 
so on. The formed quasineutral gas is called plasma. It is quasineutral in the sense that it is 
macroscopically neutral, as there is the same amount of negative charge as positive ions. 
Plasma is the fourth state of matter, and it is claimed that it makes up more than 90 % of our 
universe considering stars and northern lights. The electrons in the plasma are much faster 
than the larger ions, and therefore, any object placed in the plasma will be negatively charged 
relative the plasma. This particular negative voltage is called the floating point. As the 
chamber walls and electrodes are negatively charged relative the plasma, positive Argon 
atoms will be neutralized when hitting them and thus lost, additional neutralization loss of the 
ions take place when they are hit by moving electrons in the chamber. The neutralized Argon 
atoms then emit the excess energy as photon energy, which is the light typically associated 
with plasma.  
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A reached balance between the ionization process and the loss of ions will lead to a steady 
state sustaining the glow discharge between the electrodes. Now the positive ions are 
accelerated towards the negative target. The impact results in ejection (sputtering) of target 
atoms by momentum and energy transfer. The atoms deposit on the substrate forming the 
desired film. In addition to atoms, electrons, photons and ions are also ejected from the target. 
The impact mechanism when atoms are ejected from the target can be imagined as playing 
pool, where the bombarding ion is the cue ball breaking up emitted species like billiard balls. 
A measure of the sputtering efficiency is the sputter yield, defined as the number of sputtered 
atoms per incident particle. To enhance the yield, a magnetic field parallel to the target 
surface can be introduced. The electrons are then forced to move perpendicularly to both the 
magnetic field and electric field. The motion is described by the Lorentz force experienced by 
the electrons: 

F = - q (E + v x B) 

By placing the magnetic field appropriately, the electron motion can be made close to the 
target and closed in a loop. This loop is called the etch track, and can be seen as a closed 
curve on the target indicating higher material loss due to sputtering than the rest of the target. 
This is because the electrons residence time in this zone will be prolonged, resulting in higher 
probability of ionization, more sputtering and finally higher deposition rate. Another 
advantage is reduced electron bombardment of the growing film, which might have undesired 
effects. The magnetic field is achieved by placing a so called magnetron, consisting of 
permanent magnets, on the back side of the target, see figure 5.  

 

 

Figure 5. Principle of magnetron sputtering 20 
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The film properties will vary depending on several parameters in the deposition chamber, 
such as pressure and deposition rate. One powerful parameter to modify the properties of the 
deposited film is the applied substrate bias voltage. It has been experimentally found that bias 
sputtering modifies several properties of the deposited film such as: Resistivity, density, step 
coverage and stress 2, 21, 22   

Sputtering Alloys 

An interesting feature in sputtering is the easy and simple deposition of alloys. In contrast to 
some other methods, for example evaporation, sputtering produces films with the same 
composition as the target, even though different metals can have different sputter yields. If a 
metal in an alloy target has a higher sputter yield, it will initially be more favourably 
sputtered. After some time the target will then be richer in other metals that begin to sputter 
more. Eventually a steady state will be reached where the resulting film will have the same 
composition as the target, assuming no imbalance in any resputtering rates on the substrate.2  
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3.4.2 Electroplating Techniques 

In the plating process the substrate to be deposited is moved between several tanks. Some 
tanks are filled with plating chemicals which constitute the electrolyte, whereas others are 
used for pre- and post treatment. In the plating bath the deposit material is connected to the 
positive terminal of a voltage supply and is therefore called the anode, while the substrate is 
connected to the negative terminal and constitutes the cathode. As current flows between the 
anode and cathode, positive ions form in the anode. These positive ions are attracted by the 
negative charged cathode, and can associate with negatively charged ions in the electrolyte. 
When reaching the cathode the positive ions gain electrons and become neutral atoms 
dissociating from negative ions, and depositing as nano sized particles on the substrate 23 

 

Figure 6. Schematics for electrodeposition of metal M from a solution of the metal MA24   
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The different plating baths can be categorized according to:  

I. Acid (pH < 2)  

II. Neutral (2 < pH < 8) 

III. Alkaline (8 < pH)      

In this section the focus will be on neutral baths as they are the baths used for nickel 
deposition, with Watt's bath being the most common type. Generally, Watt's bath consists of: 

Nickel sulphate (NiSO4
.6H2O) 300 g/l                                                                                

Nickel chloride (NiCl2) 60g/l                                                                                                   
Boric acid (H3BO3) 38g/l 

Nickel sulphate is the least expensive nickel salt. It is also less corrosive than chlorides and 
some other nickel salts, which is the reason why it is used to contribute to the major part of 
nickel ions. Nickel chloride improves the anode dissolution, and effects on the deposit include 
smoother surface, finer grains, increased hardness, and increased stress. Boric acid is used as 
a buffer in the bath to prevent too large pH changes, which might result in cracking, 
hardening, and pitting corrosion25. In electrodeposition, some chemicals, called additive 
agents can be added to modify some properties of the deposits, such as grain size and 
smoothness. 26  
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4. Characterization techniques 

The analysis techniques used in this work are briefly described in this section. For a more 
detailed description the reader is recommended to view literature dealing with material 
characterization techniques and the references in this section.  

4.1 Scanning Electron Microscopy (SEM) 

In this analysis method electrons are emitted from an electron gun and focused by magnetic 
lenses into a beam of a small spot size and accelerated by an acceleration voltage towards the 
sample. The beam spot diameter varies between different instruments and can be in the nano 
or angstrom scale. The spot size has an important role on the image quality, as it determines 
both resolution and magnification.  

As the electron beam is incident on the sample, different electron-sample interaction 
processes occur. Electrons in the outer shells can be emitted due to inelastic collisions with 
the incoming electrons. These electrons are referred to as secondary electrons. This is a very 
surface sensitive process as secondary electrons originate from only a few angstroms depth. 
The incident electrons can also be reflected, due to elastic collisions and are then called back 
scattered electrons. The probability of backscattered electrons increases for materials with 
larger atomic number Z. This process is not as surface sensitive as in generation of secondary 
electrons. As back scattered electrons have higher energies than secondary electrons and are 
emitted further away from the surface, the different electron species can be detected 
separately. A black and white video image is then formed by collecting and amplifying the 
electron current. In the back scattered electrons mode, areas that emit more backscattered 
electrons appear brighter. Thus, areas with atoms with larger atomic number Z are lighter. 
When viewing in the secondary electron mode, edges appear brighter, making this mode 
suitable for a topographic view.27, 2  

4.2 Energy Dispersive Spectroscopy (EDS) 

The interaction of the sample with the incident electron beam also results in the generation of 
x-rays. Incident electrons can hit an atom in the sample exciting an electron from its shell and 
ejecting it. An electron from an outer, higher-energy shell fills the hole created. The energy 
difference is emitted as an x-ray. Each element has characteristic x-ray energy peaks 
corresponding to the possible electron shell transitions. The x-rays are collected by a detector 
that can separate between their different energies. However, x-rays can be absorbed by atoms 
in other elements before being detected.  
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For atomic numbers below 21, elements have high x-ray absorbance probability of the nearest 
element with the bigger atomic number. For example, Silicon and Aluminium are bad 
combinations in a sample for EDS analysis since x-rays generated from silicon are easily 
absorbed by aluminium. For elements with atomic number higher than 21, unsuitable 
combinations are next nearest neighbours. 

The EDS can be used to obtain both a quantitative and qualitative analysis. Another very 
useful feature in EDS equipment is the ability to map different elements in the sample. When 
detecting a specific element, areas in the sample with emitted characteristic x-rays from this 
element will appear brighter 2, 27 

4.3 X-ray Diffraction (XRD)  

X-ray diffraction is a nondestructive analysis method, as opposed to many methods where 
incident bombarding particles can damage a sample. It can provide a broad range of 
information on a sample such as grain size, stress, and growth orientation. The idea behind the 
XRD technique when investigating growth orientation planes is to use Bragg diffraction. The 
Bragg condition is described by:                                                                                                                
nλ = 2Dsinθ                                                                                                                                         
where n is a positive integer called order of diffraction, λ is the wavelength of the incident ray, 
D is the distance between atom planes and θ is the angle between the incident ray and the 
reflecting atom plane.  

Monochromatic x-rays are incident on the sample at different incident theta angles. At some 
plane distances the Bragg condition will be satisfied, giving an intensity peak that can be 
detected. By comparing with a known data base for the material investigated, information 
such as cell parameters and growth orientation planes can be obtained. In polycrystalline films 
comparison between the intensities of different peaks to a reference card can be used to 
determine the texture, as higher peaks mean more texture at the corresponding orientation 
plane. 

The grain dimension can be estimated by using the Sherrer formula, in which the diameter t 
is:  t = 0.9 λ/ B cos θB                                                                                                                   
where λ is the incident x-ray wavelength, B is the peak width in radians at an intensity equal 
to half the maximum intensity of the peak and θB is the Bragg angle. The Sherrer formula is to 
be used with caution as it is only an approximate method and is mainly suitable for qualitative 
and comparative studies 28 

XRD can also be used to measure the stress in deposited films. In this work the sin2 Ψ method 
is used. The stress is given by the equation:                                                                                               
ơ = mY / (1 + ν) d0ф                                                                                                                           
where Y is Young's modulus, ν is Poisson's ratio, and d0ф is the atom plane distance obtained 
at the angle Ψ = 0°, see figure 7. 
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Figure 7. Path of x-rays in XRD technique, the dark plate represents the sample being 
examined 29 

The first step in this method is to choose a certain Bragg angle θB for which a known high 
intensity peak occurs. Then a high resolution θ-2θ scan of the peak is performed for different 
Ψ values, starting with Ψ = 0°. A stress in the film will cause a shift in the intensity peak for 
different Ψ, thus resulting in different values for the atom plane spacings d, when applying the 
Bragg equation described above. The peak should be chosen at a fairly high value of θB but 
should also have a fairly high intensity to obtain as accurate measurements as possible.  

The different values for d are plotted versus sin2 Ψ for the employed Ψ values, and the slope 
obtained is denoted m in the stress equation given above. In that way, stress in the axis of the 
contact surface with the substrate can be calculated29.  

4.4 Nanoindentation 

This technique is used to measure the hardness and stiffness of the film. A pyramid shaped 
diamond is pressed into the film. The diamond penetrates the film and an elastic contact takes 
place. As the diamond penetrates further into the film, plastic deformation of the film starts to 
take place. At some point the stress caused by the indentation will disappear due to stress 
relaxation by fully plastic deformation. After the maximum force is achieved, the force is 
reduced and the resulting displacement is recorded.  Hardness is defined as the ratio between 
the maximum force and the projected area of the impression. In addition to hardness, Young's 
modulus can also be calculated. 30 
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4.5 Focused Ion Beam Analysis (FIB) 

This method resembles SEM, but here, instead of a beam of electrons scanning the sample, a 
beam of heavy accelerated ions such as gallium ions is used while ejected electrons are 
detected to form the image. FIB can be used to view grain contrast orientation with some 
grain trace techniques, and can also be used to sputter the sample. This is often done when 
preparing the sample for analysis in Transmission Electron Microscopes or when viewing the 
interface between film and substrate. In the later case, a top layer of platinum is often 
deposited by Chemical Vapor Deposition to protect the underlying film surface when 
sputtering, thus providing a better interface image. The ion beam enhances the reactions 
forming the layer, which means that this is a so called ion beam assisted deposition 2.  
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5. Experimental details 

5.1 Film deposition 

5.1.1 Substrates used  
The electroplated coatings investigated are deposited on two different substrates referred to as 
type A substrates and type B substrates. The substrates used for all the sputtered coatings are 
Type A substrates and the sputtered coatings will be referred to as type A sputtered coatings. 
Table 2 below lists the properties of the different substrates, and figures 8-9 illustrate the 
different substrates. Electroplated samples on type A substrates will be referred to as 
electroplated type A coatings while electroplated samples on type B substrates will be referred 
to as electroplated type B coatings. 

Table 2. Properties of the different substrates used. 
Substrate Type A Type B 
Thickness 1 mm 170 µm 
Composition Bronze, 3 % Sn and 97 % Cu Cu 

 

Figure 8. Image of type A substrate. 
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 Figure 9. Image of type B substrate (coated with electroplated nickel). 

5.1.2 Technique I coatings 

Since nickel is a magnetic material, the target has the effect of shunting the magnetic field and 
making it difficult to form closed magnetic flux on the target. As the target is eroded, a 
leakage magnetic flux in this region increases rapidly. This results in more localized erosion 
and less efficient use of magnetic targets. Consequently, thin magnetic targets are used in 
sputtering (< 4 mm). These targets need to be replaced frequently due to low target 
utilization31. The target used in this work is a nickel alloy target with a thickness of 2 mm and 
with the dimensions 210 mm x 100 mm. The magnetron was operated at a current of 4 A and 
the floating point value of the system was measured to 20 V. Prior to deposition an etching 
process took place with 440 V pulse mode of substrate bias, with frequency of 250 kHz 
during 10 min. The following scheme was used for coating parameters (see table 3), where the 
deposition temperature was about 200°C, and the base pressure was in the range of 10-6 and   
5*10-5 Torr: 

Table 3. Deposition parameters for the sputtered coatings. 

Technique I coatings Substrate 
bias 

Low working gas 
pressure  

High working gas 
pressure  

  Low Sample A Sample D 

 Intermediate Sample B Sample E 

 High Sample C Sample F 

Technique II 
coatings 

Low Sample G  

 High  Sample H 

Table 3 will be used later in the text when referring to the different Technique I and 
Technique II coatings.  
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The structure zones grown are zone 1 for the coatings deposited at high working gas pressure 
and between zone 1 and T for the coatings deposited at low working gas pressure, according 
to the zone structure model in section 3.1.  

5.1.3 Technique II coatings 

Prior to deposition an identical etching process to the etching described above took place. The 
substrate was also similarly heated to about 200° C. The deposition took place in the same 
deposition chamber as for the Technique I coatings.                                                                             
The coatings will be referred to as sample G and sample H, respectively, see table 3.The base 
pressure was in the range of 10-6 and 5*10-5 Torr.  

5.1.4 Electroplated type A nickel coatings 

The commercially available type A samples were known to have been electroplated with 
Watts bath, which is the most common bath for nickel electroplating26 (See chapter 3.4.3 for 
further details).                                            

5.1.5 Electroplated type B nickel coatings 

Type B samples were known to have been electroplated with Watts bath.  
 
5.2 Characterization techniques 

5.2.1 Thickness measurement 
For thickness determination and interface viewing a Zeiss 1540 EsB Crossbeam FIB 
instrument was used to sputter the samples. A protective top layer of platinum was initially 
deposited by Ion assisted Chemical Vapor Deposition. The FIB was operating at 2 nA current 
and with a 30 keV Gallium ion source. 
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5.2.2 Imaging and Composition determination 

A Leo 1550 SEM instrument was used with Inlens and SE2 detector to view the substrate-film 
interfaces after milling with the FIB equipment and estimate the film thickness. SEM was also 
used to view the film surface and analyze the composition of the film by using an attached 
EDS equipment with a protective window made of mylar (polyethylene terephthalate (boPET) 
polyester) between the SEM sample chamber and an Oxford Link System detector. For EDS 
data analysis the computer software INCA was used.  

5.2.3 Structure analysis 

A Philips PW 1729 MRD diffractometer was used for study of growth orientation. The x-ray 
source was a Cu tube operated at 40 kV and 40 mA and shielded by a Ni-filter, producing 
incident x-ray Cu-Kα radiation (λ= 1.54 Å). The measurements were carried out at room 
temperature with a step time of 4.7 seconds/step and a step size of 0.035°/step for Type B 
coatings and 0.03°/step for type A coatings. 

5.2.4 Stress measurement 

A Philips MRD diffractometer in a parallel beam configuration was used for sin2 Ψ stress 
measurements. The x-ray source was a Cu tube operated at 45 kV and 40 mA producing x-ray 
Cu-Kα radiation (λ= 1.54 Å). Crossed-slits were used to condition the primary beam and in 
the secondary beam path the central channel of a 0.3° parallel plate collimator was used 
together with a flat graphite crystal monochromator. A proportional detector was used for the 
data acquisition. The peak from the (311) plane was chosen for electroplated type A coatings 
and Technique I coatings. For the Technique II coatings the chosen peak was (220). The 
different peaks were chosen by finding a compromise between a fairly high intensity and a 
high diffraction angle in order to obtain as accurate measurements as possible. 

5.2.5 Hardness measurement 

A Nano Instruments NanoIndenter II with a Berkovich diamond tip was used. For thin films it 
is important that the load is high enough to cause a plastic deformation, yet not too high to be 
influenced by the substrate. A range of different loads were tested and plotted versus hardness 
to obtain the optimal suitable load, which is usually a stationary point in the graph. For type A 
samples the maximum indent load used was 5mN and 7mN. A series of about ten indents 
were made to improve statistics. No reliable results could be obtained for the Type B samples 
due to rough surface, pattern and shape of the sample (see figures 9 and 15). 
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6. Results and Discussion 

6.1 Thickness 
FIB sputtering revealed a thickness of about 2.3µm for the Technique I coatings, while the 
Technique II coatings had thicknesses of 0.8 µm and 0.7 µm for sample G and H, 
respectively. The investigated electroplated type A coatings showed a thickness variation 
between 1.5 µm and 3.7µm and the thickness of the electroplated type B coatings was 
determined to 3µm. 

6.2 Composition 
EDS analysis showed that both the Technique I and Technique II coatings had the same 
composition as the target composition. No impurities or other elements within the detection 
limits of the equipment were found indicating relatively clean coatings.  

EDS analysis of the electroplated type A coatings showed contents of oxygen and carbon on 
the surface. Carbon and oxygen are common surface contaminants and are present on almost 
all samples. EDS analysis also revealed presence of impurities in sizes up to about 70 μm 
containing sodium, sulfur, boron, chlorine, potassium, phosphorous and calcium. These 
observed precipitates can be identified in the typical constituents of the Watts bath. Boron, 
chlorine and potassium are typical ingredients in Watts bath. Sodium might have been added 
to react with halogens such as chlorine to form ionic salts. Phosphorus and calcium might 
have been used in additive agents or in post deposition treatment processes. The various 
precipitates observed by SEM and EDS indicate insufficient cleaning post treatment process.   
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Figure 10, SEM image showing an example of an impurity in electroplated type A coating 
with corresponding EDS spectrum.  

 

Electroplated type B coatings contained impurities consisting of chlorine, sulfur, potassium, 
sodium and bromine. These observed precipitates most probably originate from the chemicals 
used in the electroplating bath. The halogens chlorine and bromine might have been used to 
react with the observed sodium and form salts in the bath. Sulfur and potassium are typical in 
Watts bath as mentioned earlier in section 5.1.3.   
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Figure11. SEM image showing an impurity in an electroplated type B coating with a diameter 
of about 37 µm. 
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6.3 Microstructure 
XRD analysis showed that all Technique I coatings exhibited diffraction peaks from Ni with 
fcc phase. All samples had polycrystalline structure with no significant difference. The 
observed polycrystalline nature indicates that the film matches the substrate. Similarity among 
the Technique I sputtered films implies that the used parameter window of bias and argon 
pressure had little effect on the texture.  

The XRD diffractogram for the Technique II coatings showed diffraction peaks from Ni with 
fcc phase. The structure was polycrystalline. Sample G had higher and more narrow peaks 
than sample H except for the (220) peak. The broader peaks in sample H indicate smaller 
grains. This is the result of increased energetic species bombardment of the coating due to the 
higher applied bias voltage and lower incident atom energy due to the higher pressure. 

The diffraction patterns recorded from type A coating and type B coating show reflections 
from the fcc phase of Ni. Comparisons of the peak intensities reveal a preferred film growth 
orientation with (111) texture for type A coatings and texture (200) for type B coatings. The 
(111) surface is the most dense surface for FCC metals and is believed to be advantageous in 
a diffusion barrier32. However, no direct connection between texture and diffusion barrier 
properties has been established, it is possible that the process conditions that promotes (111) 
texture also alter film density and/or size of grain boundaries. The electroplated type A had 
broader peaks in comparison to the sputtered films implying smaller grains. The electroplated 
type A coatings with thickness of 1.5 µm showed higher (111) nickel peak (longer coherence 
length) than the substrate (111) peak, while the opposite was true for the thicker (2.2 µm) 
sputtered coating. Therefore, as the effect of thickness can be excluded, a plausible conclusion 
is that the electroplated type A coatings are more structured and have less crystal defects than 
the sputtered coatings. In general, the peaks of sputtered coatings showed less intensity than 
the peaks of electroplated coatings implying more crystal defects and smaller crystal size.  
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Top: Figure 12. XRD pattern for type A electroplated nickel and type B electroplated nickel.                        
Bottom: Figure 13. XRD pattern for sample C (Technique I coating) and sample G 
(Technique II coating). 
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6.4 Surface 
Figures 14-21 show SEM surface images for electroplated and sputtered coatings. Facets on 
the surface of sputtered coatings are observed. In Technique I coatings, samples D, E and F all 
deposited at higher working gas pressure showed more rough and porous surface than samples 
A, B, and C deposited at lower pressure. This is in accordance for the zone model for 
sputtered coatings, discussed in section 3.1.  

The Technique II coatings showed denser and smoother surface in comparison with the 
Technique I coatings. This might be explained by the higher energy of the depositing species 
in the Technique II process. The visible facets are much smaller compared to the Technique I 
coatings, which might indicate smaller grains. Both sample G and H had similar surface, 
matching the substrate pattern. Macroscopic machining imperfections and scratches 
originating from the substrate are visible.  

SEM imaging revealed a rough surface for the electroplated Type B coatings, as can be seen 
in figure 15. This might indicate presence of larger grains compared to the electroplated type 
A coatings. Electroplated type A coatings had a smooth surface, which might indicate small 
grains. Previous experiments have demonstrated obtaining rough surface with texture in (200) 
and smooth surface for the same material with texture in (111) 26, which is what we have 
observed for the type B and electroplated coatings. However, no direct connection between 
the texture and surface roughness is established. A possibility is that the process conditions 
that promote smooth films also promotes (111) texture. The smooth mirror like surface of the 
electroplated type A coatings, hiding all scratches and imperfections in the substrate suggests 
that a pre-deposition polishing was preformed and/or that the plating bath employed was a 
type of bath called semi-bright nickel plating. This bath type is usually employed when a 
smooth surface is required on a rough surface to reduce substrate polishing costs.25
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Left: Figure 14. SEM image of electroplated type A sample surface.                                                                                           
Right: Figure 15. SEM image of electroplated type B sample surface. (Notice different 
magnification) 

        

 

 

Left: figure16. SEM image of Technique I sample A surface.                                                                                             
Right: figure 17. SEM image of Technique I sample C surface. 
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Left: figure 18. SEM image of Technique I sample E surface.                                                                          
Right: figure 19. SEM image of Technique I sample F surface. 

 

 

 

Left: figure 20. SEM surface image of Technique II sample G surface.                                                                                   
Right: figure 21. SEM surface image of Technique II sample H surface. 
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6.5 Stress 
Presence of tensile stress was observed in the electroplated type A samples. Two different 
samples with thickness of 1.55 µm and 3.7 µm were measured revealing similar stress in the 
amount of 1331.5 ± 293.8 MPa and 1376.9 ± 292.8 MPa and little effect of thickness. This is 
consistent with previous observations and it has been shown that all electroplated nickel 
deposits experience tensile stress, except in the presence of certain specific organic additive 
agents25. There are several theories accounting for intrinsic stress in electroplated nickel and 
no single agreement has been established. One possible proposal is the presence of hydrogen 
in the coating at the moment of deposition followed by diffusion of hydrogen leaving micro 
voids. An additional theory is that the newly deposited layer has simply more internal energy 
leading to an expanded lattice25.  

All Technique I coatings had compressive stress. The stress values are given for the different 
samples in figure 22 below.  
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Figure 22, stress versus bias for Technique I coatings. 

Compressive stress in sputtered coatings at low working pressure is consistent with previous 
experimental observations34. The thermal stress in the films can be deduced from the formula 
σfilm(T) = Yfilm(αsubstrate-αfilm) ( T – T0) /(1-νfilm)                                                                                   
Where Y is Young modulus, α is the thermal expansion coefficient, T0 is the deposition 
temperature while T is the temperature after deposition, and ν is Poisson’s ratio2. Using the 
formula given above the thermally induced stress for all the sputtered coatings in this work is 
-161.7 MPa. 

The applied bias voltage results in ion bombardment during film growth, while the low 
working gas pressure results in high energy for incident atoms due to longer free path. The 
atoms are driven closer to each other due to the peening effect of energetic atoms and ions 
while the voids are reduced, resulting in compressive stress. It has been suggested that in the 
lower working gas regime the adatoms have higher energy and the film surface is smoother, 
which results in less incorporated argon and other impurities as these are more easily 
sputtered from the surface. Incorporated gas impurities are believed to form compressive 
stress at the local level when they are tightly bound, but usually lower density and average 
tensile stress due to weak attractive forces 34. The lower values of compressive stress obtained 
for the higher argon pressure can be explained by shorter free path for incident and 
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bombarding species, leading to lower peening effect. In addition, larger amount of entrapped 
gas, introducing average tensile stress, might reduce the compressive stress further.  

The Technique II coatings also had compressive stress. The stress in sample G was deduced 
to – 43.8 ± 13 MPa and the stress in sample H was -880.3 ± 35.3 MPa. All peaks in sample H 
were shifted to the left compared to the peaks in sample G confirming higher compressive 
stress. However, the very low value for sample G need further investigation and verification 
as the investigated peak was buried in noise. The higher value for sample H compared to the 
Technique I coatings might be explained by heavier ion acceleration.  

6.6 Mechanical properties 
Nanoindentation measurements of two different electroplated type A coatings revealed 
hardness in the range of 9.3 and 9.9 GPa. Young modulus was in the range 180 to 218 GPa. 
The high hardness is close to the hardness of 9.5 to 10 GPa obtained from electroless 
deposition of Ni-P films35. Reported values for electrodeposited Ni-P coatings are in the range 
of 6.6 to 6.9 GPa36. A possible reason for the high hardness values obtained for the 
electroplated type A coatings is small grain size.   

Nanoindentation results for the Technique I coatings are given in figure 23 below. Mean 
values from the results data were used. A trend of increasing hardness with increased bias can 
be deduced, which might be due to smaller grain size or other defects associated with higher 
amounts of compressive stress due to increased ion bombardment. The obtained results are 
comparable with data obtained in previous experiments, where hardness of 6.5 GPa and 
Young modulus of 218 GPa was measured 35, 37.  
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Figure 23. Hardness for Technique I coatings versus applied bias.    
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Figure 24. Young modulus for Technique I coatings versus applied bias. 

The Technique II coatings showed the highest hardness. For sample G the hardness and 
Young modulus were 14.7 GPa and 233 GPa, respectively. The hardness and Young modulus 
are about 13.6 GPa and 232 GPa, respectively, for sample H.  The higher hardness can be 
explained by smaller grain size according to the Hall-petch relationship38. Another 
explanation of the higher hardness is the higher value of stress and dislocations. The higher 
amount of point defects and dislocations can hinder dislocation movement by forming local 
lattice distortions.38  
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7. Summary and conclusions 

Technique I and Technique II nickel based films were deposited, investigated and compared 
to electroplated nickel films as diffusion barriers in electrical contact applications. The 
criterion for a good barrier was based on minimum existence of grain boundaries as these 
serve as fast diffusion paths at low temperatures. Thus a desired structure would be either 
close to single crystal structure (giant grains) or close to amorphous structure 
(nanocrystalline).  In addition the coating should be smooth, dense, free of contaminants, and 
have low amount of stress, preferably compressive to avoid micro voids. The investigated 
properties and results are listed in table 4, where + indicates better qualities according to these 
criteria, compared with the other analyzed samples.  

Table 4, summarized properties of investigated samples. 
Type of 
samples 

Thickness Composition Microstructure Surface 
smoothness 

Stress Hardness 

Technique I 
coatings  

2.2 µm 75% Ni, 15 
% Cr and 
10% Fe + 

Polycrystalline Matching 
substrate. 
Smooth at 
low argon 
pressure. 

Compressive, 
about -600 
MPa + 

About  6.5-
8 GPa 

Technique II 
coatings 

About 0.8 
µm 

 75% Ni, 15 
% Cr and 
10% Fe + 

Polycrystalline Matching 
substrate, 
smooth. 

Compressive, 
about -800 
MPa 

About 14 
GPa + 

Electroplated 
type A 
coatings 

1.6- 3.7 
µm 

Ni, with 
precipitates 
from bath 

(111)  Strong 
texture 

Very 
smooth + 

Tensile, about 
1300MPa 

About 10 
GPa + 

Electroplated 
type B 
coatings 

About 
3µm 

Ni, with 
precipitates 
from bath 

 (200)  strong 
texture 

Rough Not 
applicable* 

Not 
applicable* 

*Due to the rough surface, thin uneven and hollow substrate, see figure 7. 

In summary, the conclusions that can be drawn from the research investigations marked out in 
chapter 1.2 are: 

Sputtered nickel based coatings are a promising more environment friendly alternative to 
electroplated coatings, with a gentle sputtering process applicable at an industrial level. 
However, as nickel alloy based target was used in this study, for applications where it is 
necessary to use only nickel, additional studies are necessary to investigate the impact of the 
magnetic properties of pure nickel during the magnetron sputtering process.    

1. Microstructure: All investigated coatings showed polycrystalline structure indicating 
presence of grainboundaries serving as fast diffusion paths. To determine which 
coatings are more efficient as diffusion barriers a diffusion study is needed (see 
chapter 8 for further details) 
 

2. Surface: The electroplated coatings showed large surface variation; type A coatings 
had the smoothest superior mirror like surface hiding all the scratches and 
imperfections from the substrate surface. Electroplated type B coatings showed the 
roughest surface indicating usage of a different plating bath type. Sputtered coatings 
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showed faceted surface and evidence from imperfections originating from the 
substrate surface. More porous surface was obtained for higher working pressures, 
according to the zone structure model for sputtered coatings.  Also, more rough 
surface was obtained for sputtered coatings at a higher working gas pressure. 
Technique II coatings showed denser and smoother coatings compared to Technique I 
coatings.  Sputtered coatings are a possible replacement for electroplated coatings, 
except for applications where it is necessary to have very smooth mirror like surface, 
where type A electroplated coatings are superior to the sputtered coatings.  
 

3. Composition:  Sputtered coatings proved to be a better alternative than the 
electroplated coatings as the latter contained micro sized plating bath contaminants, 
while no contaminants were observed on the sputtered coatings.  The investigated 
sputtered coatings had the same composition as the alloy target while the electroplated 
coatings were composed of nickel.  
 

4.  Mechanical properties: For the Cu/Ni/Ti3SiC2 MAX phase system in electrical 
contacts, the nickel should have comparable hardness to the Ti3SiC2 Max phase top 
layer, which has hardness about 15 GPa15.  Both Technique II coatings and type A 
electroplated coatings have suitable hardness. Among the Technique I coatings only A 
and D (low bias voltage) might have too low hardness. 
 

5. Stress: Sputtered coatings had compressive stress while the electroplated coatings in 
type A samples had tensile stress. Compressive stress is preferred for this barrier 
application as a dense protective surface is desired. As stress in films should be 
minimized, the Technique I coatings had better stress properties than the electroplated 
type A coatings. Technique I coatings had higher compressive stress than Technique I 
coatings despite much lower thickness, indicating even higher stress at comparable 
thickness to the Technique I coatings.  
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8. Future work 
Interesting future work for this study would be to investigate and compare the diffusion 
behavior of the different barriers, heating in-situ to a temperature below 700° C (see section 
1.1) in vacuum or argon atmosphere to avoid harmful reactions accompanied by Auger 
Electron Depth profiling can be preformed. In this process the diffusion coefficient for the 
different barriers can be estimated by the “first arrival method” where the formula D = e2/t 
can be used. D is the diffusion coefficient, e is the thickness of the coating and t is the time it 
takes until a signal for the diffusing atom is appearing39. Another possibility is to perform 
heating in argon atmosphere or vacuum, followed by EDS analysis to measure the amount of 
diffusing copper accumulated on the surface. Drawbacks of this procedure are the difficulty to 
account for different thicknesses. In addition EDS analysis of the sample surfaces should be 
preformed prior to heating for comparison. Other interesting analyses for electrical contact 
applications are resistivity and corrosion measurements. 

Other interesting experiments would be applying higher bias voltages in both Technique I and 
Technique II coatings to investigate possibilities of depositing giant grained or nearly 
amorphous (nanocrystalline with amorphous areas) barriers is another interesting possible 
future work. Higher bias with resulting increased surface bombardment by high energy 
species might produce a film structure containing amorphous areas, however at cost of 
increased stress. Technique II is especially interesting as it is known to produce dense films; 
however there is a need for a thicker target to produce films with thickness above one µm. 
The drawback is that a thicker target of magnetic materials will be harder to sputter.    

Investigating materials that are immiscible with copper and/or the top metal layer, for 
example Ta, is an additional possible future work. However, care should be taken to cost 
issues as Ta is more expensive than Ni. TaN is another interesting option since studies have 
shown that it can be made amorphous-like with certain concentrations of nitrogen and oxygen 
(3 at.%  O and 17 at.% N), thus minimizing free short-circuit paths10.      

Yet another future possibility is developing base materials and contact materials that are 
mutually immiscible eliminating the need for a barrier layer and providing a simpler structure 
for electrical contacts.  
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