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List of abbreviations and symbols 

a1 diameter of debonded blister area 

a2 diameter of shaft 

Adel delaminated area 

AFM atomic force microscopy 

ALD atomic layer deposition 

ALE atomic layer epitaxy, atomic layer evaporation 

ALG atomic layer growth 

CVD chemical vapor deposition 

DLC diamond-like carbon, general term used to note materials contain-
ing various ratios of sp2 and sp3 bonded carbon and sometimes 
also hydrogen 

DRIE deep reactive ion etching 

E Young’s modulus (typically MPa or GPa) 

EDS, EDX energy dispersive x-ray spectroscopy 

FIB focused ion beam (sample preparation technique) 

GIXRD grazing-incidence x-ray diffraction 

GPC growth per cycle (in ALD), [typically Å/cycle] 

h film thickness (in this work typically nm) 

H hardness 

HAR high aspect ratio (structures, typically etched in silicon) 

MEMS micro-electromechanical system 

ML molecular layering 

MLE molecular layer epitaxy 

MS-ALD metastable atomic layer deposition 
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NEMS nano-electromechanical system 

OLED organic light emitting diode 

OPV organic photovoltaic cell 

OSC organic solar cell 

P central point load 

PA-ALD plasma-assisted atomic layer deposition 

PEALD plasma-enchanced atomic layer deposition 

PECVD plasma-enhanced chemical vapor deposition 

POC proof-of-concept 

SEM scanning electron microscopy 

SPM scanning probe microscopy 

ta-C tetrahedral amorphous carbon, one form of DLC with high sp3-
ratio 

ta-C:H hydrogenated tetrahedral amorphous carbon 

ToF-ERDA time-of-flight elastic recoil detection analysis 

w2 central vertical deflection 

Wd energy dissipation defined as the hysteresis area of the loading and 
unloading from the load – displacement curve 

XRD x-ray diffraction/diffractometry 

XRR x-ray reflectivity/reflectometry
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Brief description of the publications 

Publication I: Characterization of thin film adhesion by MEMS shaft-loading 
blister testing 

In this paper the authors developed and demonstrated a MEMS shaft-loaded 
blister test to quantitatively measure the adhesion of sputtered platinum, cop-
per, and chromium/copper to underlaying atomic layer deposited (ALD) alumi-
num oxide film on a silicon substrate. The main novelty of the paper was in the 
MEMS test structure where a microindenter was used to push microcylinders 
so that direct contact with thin films was avoided and the loading was applied 
from the backside of the film through a hole in the substrate. The method 
showed good applicability, accuracy and repeatability for the quantitative anal-
ysis of thin films with adhesion lower than film cohesion. 

Publication II: Adhesion Testing of Atomic Layer Deposited TiO2 on Glass 
Substrate by the Use of Embedded SiO2 Microspheres 

In this paper a characterization method to focus the lateral loading to the inter-
face and to the thin film instead of the substrate was demonstrated for the first 
time. A highly sensitive manually operated lateral force adhesion testing tool 
was used to measure the lateral detaching force of SiO2 microspheres embedded 
in ALD TiO2 thin films on a glass substrate. The resulting holes in the coating 
were characterized using scanning electron microscopy and energy dispersive 
x-ray spectroscopy. The delaminated areas were measured using image analysis 
software. The corresponding detaching force was compared to the delaminated 
area to calculate the critical stress value, which relates to the adhesion of the 
coating and also includes the effect of other influencing factors such as film co-
hesion. This was the first generation proof-of-concept measurement system 
which showed promise but had a few shortcomings such as the requirement for 
a transparent substrate as well as relatively high variation in the measurement 
results (~33%). The method was further developed to overcome the problems 
leading into publication IV. 

Publication III: Aluminum oxide from trimethylaluminum and water by 
atomic layer deposition: The temperature dependence of residual stress, elastic 
modulus, hardness and adhesion 

This paper was a large collaborative effort combining the results of several re-
search groups, universities and research facilities. In the paper, a comprehen-
sive characterization of the stress, elastic modulus, hardness and adhesion of 
ALD aluminum oxide (Al2O3) films from trimethylaluminum and water was pre-
sented. Film stress was analyzed by wafer curvature measurements, elastic 
modulus by nanoindentation and surface-acoustic wave measurements and 
hardness by nanoindentation. Adhesion was characterized using microscratch 
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testing and scanning nanowear testing. The films were also analyzed by ellip-
sometry, optical reflectometry, X-ray reflectivity measurement and time-of-
flight elastic recoil detection analysis for refractive index, thickness, density and 
impurities. Scanning nanowear with increasing loads was used to characterize 
the interfacial mechanical properties of ALD Al2O3. Using a sharp cube-corner 
tip the interaction volume of the loading to the substrate was minimized. ALD 
Al2O3 films adhered strongly on the silicon substrate and the nanowear testing 
showed no signs of delamination outside of the scanned region signifying that 
the film adhesion was higher than the film cohesion. The reference scratch tests 
showed the same results as the silicon substrate broke before the film was de-
laminated signifying excellent adhesion. 

Publication IV: Interfacial mechanical testing of atomic layer deposited TiO2 
and Al2O3 on silicon substrate by the use of embedded SiO2 microspheres 

In this paper the authors presented a second generation measurement system 
(developed further from publication II) to focus the lateral loading to the inter-
face and to the thin film instead of the substrate for interfacial mechanical test-
ing of especially ALD thin films. The more sophisticated microrobotic testing 
system enabled the use of any substrate materials (including opaque materials 
such as silicon) and it increased the repeatability and reliability of the measure-
ments reducing the variation of the results significantly from ~33% to a tolera-
ble level of only ~10%. Also more detailed results, such as work and energy re-
lease rate, were obtained from the measurements. SiO2 microspheres were em-
bedded in ALD TiO2 and Al2O3 on a silicon substrate. The embedded micro-
spheres were detached using a fully programmable semi-automatic microro-
botic assembly station employed to carry out the lateral pushing and detaching 
force measurement. The area of interfacial fracture was measured using scan-
ning electron microscopy and digital image analysis to calculate critical stress 
of interfacial fracture. Work and energy release rate of interfacial fracture were 
also calculated from the measurement data provided by the system. 

Publication V: Nanotribological, nanomechanical and interfacial characteri-
zation of Atomic Layer Deposited TiO2 on a silicon substrate 

In this paper the nanotribological, nanomechanical and interfacial properties of 
ALD TiO2 coatings on a silicon substrate were studied using nanoscratch and 
scanning nanowear testing extending the capabilities of the measurement sys-
tem. The sharp cube-corner tip enabled the minimization of the interaction vol-
ume of the loading to the substrate. Thin film hardness and elastic modulus 
were measured using nanoindentation. Samples were also characterized using 
scanning electron microscopy (SEM), elastic recoil detection analysis (TOF-
ERDA), grazing incidence X-ray diffraction (GIXRD) and X-ray reflectivity 
measurement (XRR) as well as contact profilometry for residual stress meas-
urement.
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1. Introduction 

Nobel-prize winning physicist Wolfgang Pauli said “God created matter; sur-
faces were invented by devil.” This sums up how challenging it can be to under-
stand and quantitatively measure surfaces, interfaces and their behavior. For 
nearly all matter, the surface area forms only a tiny portion of the bulk, and it is 
subject to highly asymmetric forces as well as the effects of contamination and 
defects. To ensure good adhesion between two surfaces, serious attention to 
cleanliness must be given. There is no universal technique or analysis approach 
to determine the interfacial toughness of a thin film – substrate system. Test-
specific factors and residual stress affect the measured adhesion (Mittal, 1976).  

 
Thin film functional characteristics, performance and practical usability are 

highly dependent on sufficient interfacial mechanical properties such as adhe-
sion between the film and the substrate as well as cohesion of the film. Adhesion 
failure can lead to catastrophic consequences and they are the nightmare of any 
company causing quality risks and financial losses while rendering the products 
useless or even causing loss of life if not detected (Kivistik, 2008). 

 
The characterization of thin films becomes more challenging as the films be-

come thinner as is often the case with atomic layer deposited (ALD) thin films. 
Sample geometry also creates special needs for either smart selection of existing 
testing methods or the development and tailoring of new testing methods to 
meet the requirements. In many test methods significant loading to the sub-
strate is applied which can result in problems especially with brittle substrates 
such as silicon and glass. For example in scratch testing the substrate can frac-
ture before the film is delaminated. Although in practical applications this is a 
sign of good enough adhesion, it does not fully describe the interfacial toughness 
between the thin film and the substrate as the film might still adhere to the sub-
strate even after the substrate has fractured. Especially the quantitative meas-
urement of interfacial properties of thin films is challenging with traditional 
testing methods and thus method development is needed. Often, adhesion tests 
offer only qualitative or semi-quantitative information about the film-substrate 
system. Careful planning and analysis are needed to be able to achieve quanti-
tative results. For practical applications qualitative testing can be adequate – 
the film can either be good enough or bad. However, quantitative information 
is needed for the development and optimization of thin film processes and film 
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properties and creating reliable devices. Controlling adhesion related problems 
such as film delamination are critical for the operation and fabrication of micro- 
and nanodevices as well as other engineering products such as machine parts. 
The yield, performance, reliability and functional safety of micro-/nanoelectro-
mechanical devices (MEMS/NEMS) depend strongly on sufficiently adhering 
thin films during the processing as well as during the operation of the devices. 
Atomic layer deposited Al2O3 and TiO2 were chosen as model coatings for the 
development of the new characterization methods as they are well studied ma-
terials. 

 
In this thesis, three measurement methods where the loading to the substrate 

is minimized are presented and demonstrated for interfacial mechanical testing 
of especially atomic layer deposited (ALD) thin films. (i) MEMS Shaft-loaded 
blister testing with loading through a hole in the substrate to the backside of the 
thin film (ii) microrobotically controlled semi-automated testing of embedded 
microspheres using lateral loading mostly to the thin film and to the interface 
and (iii) a combination of nanoscratch and scanning nanowear for minimized 
interaction volume of the loading to the substrate inspired by similar type of 
macro scale adhesion testing transformed to the nano- and microscale. These 
methods are generic, and can be applied for the evaluation of interfacial me-
chanical properties, such as adhesion, between practically any materials of 
choice. The quantitative nature of the methods enables a more in-depth possi-
bility for the analysis and tuning of the interfacial mechanical properties of thin 
films which will help in the development of the film properties as well as depo-
sition processes. 

1.1 Aims of the study 

The aim of this thesis is to develop and demonstrate new potential characteri-
zation methods for the testing of interfacial mechanical properties such as ad-
hesion of especially atomic layer deposited thin films with special emphasis on 
avoiding fracture or permanent deformation of the substrate. The hypothesis is 
that it is possible to delaminate thin films even when the loading to the substrate 
is minimized. This is achieved by changing the phase angle of the loading and 
utilizing specifically designed and tailored MEMS test chips and structures, au-
tomated microrobotic testing systems as well as extending the measurement ca-
pabilities of existing (nanotribological) testing systems. 
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1.2 Atomic layer deposition (ALD) 

Atomic layer deposition is a thin film technology belonging to the general class 
of chemical vapor deposition (CVD) techniques (Puurunen, 2010, 2014). Highly 
conformal thin films with atomic level thickness control can be produced by 
ALD even on complex three-dimensional topographies due to the sequential 
self-limiting saturating surface reactions of the process. (George, 1996; Gao, 
2015; Miikkulainen, 2013; Puurunen, 2005b). Gas-phase reactions are avoided 
using the sequential precursor pulses that are separated by purge steps in the 
reaction chamber (Puurunen, 2005b). ALD films can be grown in very low tem-
peratures, for example Al2O3 has been grown even at 33°C (Groner, 2004), mak-
ing it a versatile deposition process for many temperature sensitive applications 
such as coating of biomaterials and plastics such as organic photovoltaic cells 
(OPV) and organic light emitting diodes (OLED) (Jarvis, 2017; Lin, 2015). For 
each ALD reaction there is a preferable temperature range where the reactions 
continue in a self-terminating manner. This temperature range is called the 
ALD-window. If the process temperature is too high CVD-like gas-phase reac-
tions or decomposition of the precursors can occur leading to poor uniformity 
and high impurity contents (Niinistö, 2010). Sufficient temperature is needed 
for the precursor to vaporize to be able to move to the reaction surface (Fei, 
2015). If the process temperature is too low the reactants might not have enough 
energy to react chemically reducing the film deposition rate significantly (Lim, 
2007). The ALD-window can be widened enabling lower deposition tempera-
tures by using plasma-enchanced ALD (PEALD) also known as plasma-assisted 
ALD (PA-ALD), where the high reactivity of the plasma species enables the re-
duction of the deposition temperatures (Profijt, 2011). However, increasing the 
deposition temperature significantly reduces the ALD film impurity content (Ri-
tala, 2002). 

 
According to a recent review (Ahvenniemi, 2017), ALD was invented and de-

veloped independently with different names: molecular layering (ML) since the 
1960s in the Soviet Union (Ahvenniemi, 2017; Shevjakov, 1967; Mokrushin, 
2019), and atomic layer epitaxy (ALE) since the 1970s in Finland (Ahvenniemi, 
2017; Suntola, 1977). In addition to ALD (Leskelä, 1990) it has also been called 
molecular deposition (Aleskovskii, 1979), atomic layer evaporation (ALE) (Aho-
nen, 1980), molecular stratification (Malygin, 1980), molecular lamination 
(Kopylov, 1981), chemical assembly (Egorov, 1984), molecular layer epitaxy 
(MLE) (Nishizawa, 1985) and atomic layer growth (ALG) (Aoyagi, 1987). ALE is 
commonly known as the origin of ALD (Ahvenniemi, 2017). 

 
Most of the ALD processes are based on binary reaction sequences as shown 

in Figure 1. Two surface reactions occur and a binary compound film is sequen-
tially formed. The thickness of the film is controlled by the number of ALD cy-
cles. (George, 1996). 
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Figure 1. Schematic presentation of the sequential ALD deposition cycle: Precursor A pulse and 
saturation, purge, precursor B pulse and saturation, purge. (Figure modified from George, 
1996). 

One ALD cycle contains the following steps (also seen in Figure 1): 
 

1) First precursor pulse to create the first half reaction saturating the 
surface 

2) Purge (typically nitrogen) to remove the remaining unreacted pre-
cursor and reaction products 

3) Second precursor pulse to create the second half reaction again sat-
urating the surface 

4) Purge to remove the remaining precursor and reaction products 
 
The half reactions continue on the surface as long as there is enough precursor 

and available reaction sites on the surface available resulting in self-terminating 
growth when all reaction sites have been used. The remaining unreacted pre-
cursor and reaction products are then purged away before continuing on the 
second self-terminating precursor pulse. The self-terminating reactions on the 
saturated surfaces result in conformally coated surfaces even on complex high 
aspect ratio or nanoporous structures on a large area (Elam, 2003; King, 2005; 
Puurunen, 2017). Resulting film thickness can be controlled by adjusting the 
number of ALD-cycles represented by the growth per cycle (GPC), which is typ-
ically in the order of some Å per cycle. (George, 2010; Leskelä, 2003; Puurunen, 
2003, 2005b; Muneshwar, 2018). Surface termination, for example OH group 
bond concentration can also have an effect on the GPC (Puurunen, 2005a). Dif-
ferences between GPC and conformality in high aspect-ratio structures have 
also been observed as a function of temperature (Puurunen, 2017; Mattinen, 
2016; Gao, 2015). 
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The most studied ALD process is the deposition of Al2O3 from trimethylalu-
minium (TMA) and water (H2O). It is also used as one of the model ALD coat-
ings in Publications I, III and IV. The overall reaction (Puurunen, 2005b) is: 

 
2Al(CH3)3(g) + 3H2O(g)   Al2O3(s) + 6CH4(g).  (1) 
 
More descriptive however are the two half-reactions: 
 
||-OH + Al(CH3)3(g)  ||-O-Al-(CH3)2 + CH4(g)  (2) 
||-O-Al-CH3 + H2O(g)  ||-O-Al-OH + CH4(g)  (3) 
 
where || represents the surface with either hydroxyl-termination in the begin-

ning of the first half-reaction or methyl-termination in the beginning of the sec-
ond half-reaction. 

 
Another well studied ALD process and the second model ALD coating used in 

Publications II and V is TiO2 from titanium tetrachloride (TiCl4) and water 
(H2O) (Shevjakov, 1967; Aarik, 1995; Szindler, 2017). The overall reaction 
(Lakomaa, 1992; Cameron, 2000; Mokrushin, 2019) is: 

 
TiCl4(g) + 2H2O(g) TiO2 + 4HCl(g),   (4)
 
and the two half reactions are: 
 
||-TiOH + TiCl4(g) ||-Ti-O-TiCl3 + HCl(g)  (5) 
||-Ti-O-TiCl + H2O(g) ||-Ti-O-TiOH + HCl(g).  (6)
 
Typical applications of ALD thin films include semiconductor devices such as 

high dielectric constant gate oxides in the MOSFET-structure, DRAM memo-
ries, copper diffusion barriers in backend interconnect (Sneh, 2002; George, 
2010; Ritala, 2009), functional and protective layers in micro- and nanoelectro-
mechanical systems (MEMS/NEMS) to prevent electrical breakdown, mechan-
ical wear and stiction failure (Hoivik, 2003; Hsain, 2017), piezoelectric resona-
tors and filters (Lakin, 2005) as well as energy- and photovoltaic applications 
such as solar cells  and organic solar cells (OSCs) (C.-T. Wang, 2014; Duong, 
2015; Lv, 2018; Frankenstein, 2019). ALD films are also used in a wide variety 
of other applications such as moisture barriers (Maindron, 2016), barriers in 
packaging materials (Hirvikorpi, 2010), corrosion resistance (Marin, 2012; 
Pehkonen, 2019), protective or decorative coatings in jewelry (Guzman, 2016; 
Leskelä 2017), powder catalysts (Lindblad, 1997), powder encapsulation (Ha-
kim, 2005), anti-bacterial (Trapalis, 2003) and -fungal applications (Koşarsoy, 
2014), water purification (Xu, 2013) as well as biosensing applications (Graniel, 
2018). They can also be used as mask and etch stop layers in deep reactive ion 
etching (DRIE) of high-aspect ratio (HAR) silicon structures (Dekker, 2006; 
Chekurov, 2007). Metastable atomic layer deposition (MS-ALD) can also be 
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used for controlled synthesis of self-assembled 3D nanostructures (Ziegler, 
2018). 

 
The number of publications per year (for the last 35 years) and by decade 

(1940-2010) in Figure 2. analyzed from the Web of Science shows the increasing 
interest towards atomic layer deposition that has especially accelerated in this 
decade (with over 48% of all ALD publications in history). 

 

 

 

 

Figure 2. Number of ALD publications by year (1982-2017) and by decade (1940-2010) analyzed 
from the Web of Science 

(Clarivate Analytics, 2018)  
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1.3 Mechanical properties of thin films and interfaces 

Mechanical properties of thin films include hardness, wear resistance, Young’s 
modulus, interfacial toughness, fracture toughness and residual stress. These 
will be discussed in the following chapters 1.3 – 1.6.  
 

Nanoindentation utilizing the Oliver and Pharr method (Oliver, 1992) is a 
well-established hardness measurement method for thin films even in the na-
nometer scale, although with film thicknesses approaching zero the substrate 
has an increased effect on the measurement results. A rule of thumb of the in-
dentation depth of 5-10% of the film thickness is used to reduce the substrate 
effect, but with extremely thin films the results are not so reliable. There are also 
differences in mechanical properties observed in thin films and bulk materials 
in micro- and nanoscale (Haque, 2003; Heyer, 2014; Imrich 2015) 

 
Young’s modulus E is the measure of elastic response to the applied stress cal-

culated from the linear part of the stress-strain curve following Hookes’s law: 
 

,    (7) 
 
where E’ is the biaxial modulus defined as  and  is the residual stress. 

The strain is the dimensionless quantity of relative material elongation: 
 

,     (8) 

 
where l´ is the final length under stress and l0 is the initial length. 
 
The interfacial and fracture properties can be measured using several different 

mechanical testing methods that are presented in this work (publications I-V). 
The wear resistance of coatings can be studied using tribological methods such 
as nanoscratching, or scanning nanowear testing that are also presented in this 
work, mainly in publications III and V. 

 
Residual stress refers to the internal stress distribution in the material system. 

For bonded thin films this means that if the film would be relieved of the con-
straint of its neighboring layers or substrate it would change its in-plane dimen-
sions or would become curved. In practice the intrinsic stresses for example in 
an ALD coating on top of a silicon wafer causes the wafer to curve, and the 
change in the radius of curvature can be used to calculate the residual stress 
using Stoney’s equation: 

 
,   (9) 
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where  is the thin film stress [Pa] (negative for compressive stress, positive 
for tensile stress),  is the elastic modulus of the substrate [Pa],  is the Pois-
son’s ratio of the substrate, R0 and R1 are the radius of curvature before and after 
the film growth [m], respectively, and ts and tf are the substrate and film thick-
nesses. (Stoney, 1909). 
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1.4 Adhesion 

Adhesion: The molecular attraction that holds the surfaces of two dissimi-

lar substances together. (Bowden, 1932) 

 

True work of adhesion from a thermodynamic standpoint means the 
amount of energy required to create free surfaces from bonded materials and it 
is described as 

 
,    (10) 

 
where  are the specific surface energies of the film and the substrate 

and  is the energy of the film-substrate interface. 
 
“There is a difference between adhesion at the molecular level and adhesion 

in engineering.” (Kendall, 1994). Most adhesion testing methods measure 
practical work of adhesion rather than true work of adhesion (Gerberich, 
2006). With most of the adhesion test methods when a film is delaminated from 
a substrate the film and the substrate usually undergo plastic deformation. 
Therefore the equation for the practical work of adhesion or interfacial 
toughness 

 
   (11) 

 
also includes the dissipated energies of the plastic deformation of the film Uf 

and the substrate Us as well the energy dissipated due to friction Ufric. 
 
The fracture mechanical approach to measure the practical work of adhesion 

uses the strain energy release rate, or the driving force of crack propagation: 
 

,   (12) 

 
where G is the energy release rate, U is the total energy of the system, A is the 

crack area, (displacement u0 is a constant condition), Γ(Ψ) is the interfacial 
mixed mode fracture energy or the interfacial fracture toughness, 
and R is the resistance to crack propagation.  

 
The energy release rate G (J/m2) describes the energy dissipated during 

fracture per unit of newly created surface area of fracture. It includes the energy 
of the formation of new surfaces as well as the energy of the plastic deformation 
during the fracture. 

 
For most interfaces the measured interfacial fracture toughness is greater than 

the work of adhesion: 
 

     (13) 
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but for low mode mixity loading when plastic and viscoplastic dissipation is 

negligible, the fracture toughness value should approach the thermodynamic or 
true work of adhesion 

(Zheng, 2007). 
 
True work of adhesion should be independent of the film thickness. However, 

the practical work of adhesion includes different contributions of energy dissi-
pation mechanisms depending on the test method and other factors, which 
makes it challenging to compare the results of different adhesion testing meth-
ods unless they are well understood. (Gerberich, 2006; Zhou, 2019)  

 
To understand adhesion or the tendency of dissimilar material surfaces to at-

tach to each other one must first think about surface energy. Adhesion requires 
energy that is of a chemical or physical nature. The surface energy of a particular 
surface is defined as the work that is required to build that surface or on the 
other hand the work that is required to cleave the bulk into two separate sur-
faces. Adhesion of a material to another can be caused by several different me-
chanical and chemical mechanisms: 

 
Materials can be bonded through mechanical adhesion when the materials 

are mixed in a mechanical manner, for example through interlocking by the fill-
ing of voids and pores or by weaving in different size scales. (Lacombe, 2006; 
Jia, 2019) 

 
The strongest bonding occurs when adjacent atoms share or swap electrons. 

Covalent and ionic bonding (Gu, 2019; Zhang, 2019) are examples of this 
chemical adhesion. Weaker form of chemical adhesion is hydrogen bonding, 
where hydrogen atoms are attracted to oxygen, nitrogen or fluorine (Mandziuk, 
2019). Chemical adhesion is the main mechanism when producing thin films 
with chemical vapor deposition based techniques. The gas based precursors re-
act with the surface forming a network of these bonds. Different adhesive inter-
layers, such as Cr, CrN, CrN/Al (Li, 2018) or Ti (Maruno, 2018) can also be used 
to improve adhesion. (Lacombe, 2006)  

 
When the molecules or atoms of materials are soluble to each other they can 

diffuse into each other forming diffusive adhesion. Diffusion is a mixture of 
mechanical and chemical bonding in the atomic level. Interfacial mixing can 
also occur with physical vapor deposition where high energy ions are acceler-
ated and bombarded to a surface where they penetrate the substrate and cause 
the surface atoms to mix with the bombarded atoms. (Lacombe, 2006; Fal-
safein, 2018) 

 
Dispersive adhesion occurs when two materials are attached by van der 

Waals forces. This is also known as physisorption. If the materials are polar they 
have regions of slightly positive and negative charges that attract each other 
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forming a weak bond. Contact angle (θ) is a way to evaluate adhesion in a solid-
liquid-gas system such as a drop of liquid on a solid surface surrounded by a gas 
atmosphere. (Lacombe, 2006; Liu, 2019) 

 
Electrostatic interaction between electrically charged particles or two conduc-

tors separated by a dielectric can cause electrostatic adhesion where adhe-
sion strength is related to electrostatic forces. (Horn, 1992; Lacombe, 2006; 
Galembeck, 2017) 

 
Adhesion is not always a good thing. In MEMS-devices the adherence of con-

tacting surfaces is actually a big problem, also known as stiction, rendering the 
device useless if after contact the interacting surfaces stick and stop moving.  
(Buja, 2015; Gkouzou, 2016, 2018). 

 
It is still widely controversial how film thickness relates to adhesion because 

it depends on many parameters, such as film and substrate properties, coating 
process and bonding mechanism, as well as on the selected adhesion measure-
ment method and type of the loading. (Gerberich, 2006; Chen, 2011; Roshan-
gias, 2015). Several studies report the variation in adhesion with increasing 
thickness (Dauskardt, 1998; Volinsky 2002; Gerberich, 2006; Hirakata, 2010; 
Chen, 2013; Lu, 2014; Falsafein, 2018). Riedl and Yan-rong et al. also include 
the effect of fracture toughness to their analysis (Riedl, 2012; Yan-rong, 2012). 
The increased film thickness will aid in energy transfer and load carrying capac-
ity of the coating reducing cohesive failure. The situation gets even more com-
plicated when using multi-layered structures or nanolaminates, as the increased 
number of interfaces and constraint between the layers change conditions for 
plastic dissipation (Zhou, 2019). 
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1.5 Cohesion 

Cohesion: The molecular attraction or joining of the surfaces of two pieces of 
the same substance. (Bowden, 1932) 
 

Cohesion is the attractive force keeping a material consisting of similar atoms 
or molecules together. For example water has a strong cohesive character as 
each water molecule can form four hydrogen bonds to other water molecules. 
High cohesion creates surface tension which results in the minimization of sur-
face area and leads to phenomena such as capillarity or flotation of non-wettable 
objects. High cohesion in liquids and low adhesion to the underlying surface 
also leads to low wetting and high contact angles forming near-spherical drop-
lets. (Israelachvili, 1996; Lacombe, 2006) 
 

In solid materials, fracture toughness measures quantitatively the mate-
rial’s resistance to brittle fracture in the presence of a crack. In practice it is 
similar to cohesion – both terms describe how strongly the material resists in-
ternal breakage or separation from within. For linear-elastic fracture toughness 
the stress intensity factor KIc (  ) describes the stress when a crack in the 
material begins to grow. Plastic-elastic fracture toughness JIc (J/cm2) measures 
the energy required to grow the thin crack. The subscript I denotes the crack 
opening mode I where a normal tensile stress is perpendicular to the crack. The 
different modes can be seen in Figure 3, where mode II is the in-plane shear and 
mode III is the out-of-plane shear. The ratio of the shear to normal stresses at 
the crack tip are also called mode mixity, described by the phase angle 

 
,   (14) 

 
where τ is the shear stress and σ is the normal stress. When Ψ=0° the fracture 

energy consists of purely mode I normal forces and when the phase angle of 
loading is ±90° the fracture energy consists purely mode II shear forces. Delam-
ination is less likely to occur when the mode mixity is higher, when the loading 
is mostly in a shearing direction along the interface. (Volinsky, 2002; Lacombe, 
2006; Gerberich 2006) 
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Figure 3. Different fracture modes classified by the direction of separating surfaces. 

 
The energy release rate G is related to the mode I stress intensity factor by 
 

,    (15) 

 
where E is the Young’s modulus and ν is the Poisson’s ratio of the material. 

The critical value Gc is the point when a crack will grow (GIc for mode I fracture). 
(Lacombe, 2006) 
 

Several studies have been done for comparing fracture toughness in the micro- 
and macroscale. Here are some selected examples: Iqbal et al. studied the ani-
sotropic fracture toughness of microscale NiAl single crystals using in-situ SEM 
nanoindentation of FIB-manufactured notched micro-cantilevers and found 
that the fracture toughness was in good agreement with literature values of mac-
roscopic samples (Iqbal, 2012). Wurster et al. studied semi-brittle material 
tungsten with similar in-situ SEM microindentation of FIB-manufactured 
notched micro-cantilevers, but they found out that the microscale samples be-
haved more ductile and exhibited higher fracture toughness values compared to 
macroscale tungsten (Wurster, 2012). Jaya et al. evaluated the differences be-
tween four different fracture toughness test geometries on silicon also micro-
machined using FIB combined with in-situ SEM nanoindentation with different 
tip geometries. In their experiments the average KIC from all four cases was con-
stant but they also noted that in the case of many techniques recently developed 
and reported “differences in reported values arise at the microscale due to the 
sample preparation technique, test method, geometry, and investigator” (Jaya, 
2015). 

 
Di Maio and Roberts present the original technique for measuring the fracture 

toughness of coatings by FIB-machined notched micro-cantilevers and 
nanoindentation (Di Maio, 2005). They studied CVD deposited WC-based coat-
ing on steel and silicon as a reference material. They observed slightly higher 
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fracture toughness in case of the silicon sample compared to literature (Pe-
tersen, 1982; St. John, 1975; Di Maio, 2005) 

 
Matoy et al. studied the mechanical and interfacial fracture properties of 

PECVD silicon oxide, oxynitride and nitride thin films on silicon using FIB-mi-
cromachined notched micro-cantilevers and nanoindentation combined with 
AFM-positioning and pre/post-indentation SEM-imaging (Matoy, 2009a). The 
authors observe that for SiO2 the critical energy release rates are 8-27% lower 
compared to vitreous silica glass measured with the chevron-notched short rod 
fracture toughness test method (Lucas, 1995) and the theoretical strength values 
reported in literature (Kurkijan, 2003) are by factors of ~2-7 greater than the 
fracture stresses observed in their experiments. This might be related in their 
opinion to the hydrogen impurities or other defects in the films. Another possi-
ble cause is sample preparation, where the FIB-produced notch is not with uni-
form depth creating non-uniform stresses and variation in the fracture behav-
iour (Matoy, 2009a). 

 
Liu et al. studied the fracture resistance of hard coatings by microscale double 

cantilever beams made by FIB compressed in-situ using nanoindentation. Stud-
ied materials included single crystal SiC and GaAs for reference and CrN-based 
coatings, such as CrAlN/Si3N4. The fracture toughness of the fine-grained 
CrAlN/Si3N4 coating was almost a factor of two greater than conventional CrN 
coating. They observed microstructural variability such as crack interaction 
with Cr-particles and voids in the film causing scatter in the measured values 
(Liu, 2013). 

 
Delamination or decohesion? Once a crack initiates, it propagates 

through the path of least fracture resistance. It might propagate through an in-
terface causing delamination, or it might propagate through the coating or sub-
strate causing decohesive fracture. (Roshangias, 2015) 
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1.6 Tribology and wear

Tribology: the science and technology of interacting surfaces in relative mo-
tion and of related subjects and practices. (Jost, 1966) 

When surfaces are interacting together they become subject to friction and wear 
that is also linked to adhesion. Especially the scratch test is actually a tribologi-
cal setup and it can also be used to measure for example the coefficient of fric-
tion in the tribological contact. Tribological (namely nanotribological) methods 
are used in publications III and V. Different lubricants are commonly used to 
reduce friction and wear, but thin films can also be used to protect the surfaces 
and improve tribological performance. The performance and reliability of mi-
cro-/nanoelectromechanical devices (MEMS/NEMS) depends strongly on suf-
ficiently durable thin films. MEMS/NEMS devices can have moving parts and 
undergo wear which can lead into problems such as device failure if the wear is 
too high. To protect the moving parts and reduce wear, protective layers of hard 
and wear resistant thin films can be used (Hoivik, 2003; Hsain, 2017). A few 
common choices are diamond-like carbon (DLC) films (Maruno, 2018) as well 
as atomic layer deposited Al2O3 films. Besides the wear resistant properties of 
these films it is also critical that they also adhere well enough to the substrate. 
 

Wear is the erosion or removal of material when surfaces are interacting with 
each other. There are several principal mechanisms of wear. Wear is propor-
tional to the applied contact pressure as well as the hardness of the materials in 
interaction. If a film is broken, chipped or delaminated during tribological con-
tact wear is increased significantly as larger chunks of the material are removed 
from the contact region.(Marinescu, 2000) 

 
Abrasion comprises of all groove-forming mechanisms on the surface of a 

material by micro chipping and micro ploughing, for example when a hard cut-
ting tool plastically deforms a softer target substrate. Grooving is an evidence 
for plastic deformation but also the pull-out of chips and particles from the mi-
crostructure of both the cutting tool and the worked material must be consid-
ered. Local fracture toughness is an important factor that must be taken into 
account because the influence of fracture toughness is more important than the 
hardness of the material when wear resistance is studied. Abrasion can be di-
vided into two-body abrasion or three-body abrasion according to the number 
of interacting surfaces. (Marinescu, 2000) 

 
Fatigue includes the combination of wear mechanisms within a surface layer 

of several micrometers in thickness, caused by tangential shear stresses at the 
material surface and by iterative impacts. The surface fatigue is characterized 
by crack formation along the grain boundaries or cleavage planes starting at the 
surface and progressing continuously deeper to the material by subcritical crack 
growth. If the crack grows deep enough a rupture-initiating failure can occur 
resulting in structural failure. The propagating crack inside the material cannot 
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necessarily be observed from the surface. This failure mode is common for cy-
cling compressive and tensile loading. (Marinescu, 2000) Cyclic stress 
can also affect the mechanical properties of small dimensional bulk samples and 
thin films by changes to the microstructure for example by decreasing the frac-
ture toughness (Österlund, 2019) attributed to for example cyclic deformation 
induced dislocation structures and voids (Schwaiger, 2003) or “pop-in” events 
observed in load-discplacement measurement caused by slip of dislocation 
planes (Yang, 2008). When going down from micro-scale to nano-scale, sample 
dimensions such as film thickness have a big influence on the cyclic deformation 
behaviour (Schwaiger, 2003). FIB in combination with cyclic loading microin-
dentation and in-situ SEM can be used to study the fatigue behaviour of mi-
croscale bending beams (Kiener, 2010). 

 
All of the mechanisms mentioned above occur multiplicatively in combination 

with each other. Environmental material like gases, lubricants or tribo-chemical 
reaction products may initiate new stress corrosion mechanisms by infiltrating 
surface cracks opened by dynamic fatigue. This can enhance subcritical crack 
growth. If the surface of the material is partially dissolved by chemical attack or 
if the grain boundaries are weakened, abrasion may be accelerated considera-
bly. Surface fatigue can enhance abrasion if cycling loads facilitate the pull-out 
of single particles or atomic clusters when their grain boundary strength is 
weakened. 
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2. Mechanical characterization methods 
for thin films and interfaces 

The strength of the adhesion between two surfaces depends on all of the inter-
acting mechanisms as well as the contact areas and surface energies. There is no 
universal method to determine the adhesion. Test-specific factors and residual 
stresses affect the measured adhesion. (Mittal, 1976). When trying to separate 
an interface into two surfaces, elastic and plastic transformation usually also 
occur which can consume energy. The strength of adhesion is sometimes also 
called interfacial strength or interfacial toughness. Most of the adhesion meas-
urement methods are mechanical in nature, so the strength of adhesion can also 
be called interfacial mechanical strength or interfacial mechanical toughness. 
There are numerous different ways to measure adhesion and the different meth-
ods can be divided into two main groups: qualitative and quantitative testing. 
Qualitative testing is a lot easier, and it can offer a practical good-enough or not-
good-enough result for example in a production environment. Quantitative 
measurement is a lot trickier and the analysis of the results can be challenging 
as several measurement methods include the effects of many factors such as 
elastic-plastic transformation. (Lacombe, 2006; Mittal, 1976, 2014; Volinsky, 
2002) 

 
Adhesion testing can be divided into two main categories: destructive and 

nondestructive testing. Most of the methods used to measure adhesion of thin 
films are destructive. Generally, some form of energy as a pulse or loading is 
applied to the coating-substrate system and the resulting damage or energy loss 
is observed trying to identify the interfacial bonding characteristics between the 
thin film and the substrate. There are hundreds of different variations of several 
main types of adhesion testing methods fitted to specific needs or overcoming 
limitations of some other test methods.  (Lacombe, 2006; Mittal, 1995) Critical 
consideration must be used when selecting or modifying a test method to the 
specific needs of a test case. The perfect adhesion test would be universally com-
parable and applicable to practically any thin film – substrate system, quantita-
tive, giving unambiguous data with a clear and straightforward data analysis, 
with minimal sample preparation efforts, and the results should be relevant to 
real world use. (Lacombe, 2006). It is also important to understand delamina-
tion and cracking mechanisms as they are often incorporated with adhesion 
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testing. (Sanchez, 1999; Scherban, 2003, Chen, 2011; Lu, 2011; Gerberich, 2011, 
Roshangias, 2015)  
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2.1 Loading from behind the film-substrate interface 

In publication I thin film adhesion was characterized using a specifically tai-
lored shaft-loaded blister test MEMS lab-on-chip (Figure 4) that could be used 
with existing microindentation system to extend its’ capabilities.  

 

 

Figure 4. MEMS test chips micromachined on a silicon wafer and a close up image of one test 
structure with buckling of the released membrane due to compressive stress (Publication I). 

The microindenter applied the test load to the center of the shaft pillars mov-
ing them down while measuring the displacement as a function of the indenta-
tion depth in loading and unloading. When the shaft moved lower the film began 
to strain and the load was applied to the thin film-substrate interface from be-
hind the film. At a certain critical load the film began to debond from the sub-
strate quantitatively measuring the adhesion of the thin film to the substrate 
(Figure 5). 

 

 

Figure 5. Schematic presentation of the MEMS shaft-loaded blister test system presented in pub-
lication I. The microindenter moves the shaft loading the thin film – substrate interface from behind 
the thin film-substrate interface. After the loading and unloading the delaminated area is meas-
ured from optical microscope images. 

The work of adhesion was assessed using two approaches. In the first ap-
proach the work of adhesion was calculated as the energy released in the 
debonded blister area according to the theoretical model by Wan (Wan, 1990). 
In the second approach the work of adhesion was calculated from the dissipated 
energy per unit area upon extending a crack along the interface, defined as the 
hysteresis area of the loading and unloading from the load – displacement curve 
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and the delaminated area measured using an optical microscope. Further ex-
perimental details can be found in publication I. 

 
The MEMS shaft-loaded blister testing shares similarities with at least these 

existing test methods that apply some form of loading to the backside of the test 
region: 

 
In blister testing or island blister testing pressure is applied to the bot-

tom of the coating through a hole in the substrate until either delamination or 
film fracture occurs. The main limitation of the test is if the film fractures before 
it delaminates. This can be solved by using either an island or peninsular blister 
test or a constrained blister test. (Lai, 1995; Lacombe, 2006). 

 
In bend testing a coated sample is bent between three or four points to ob-

serve if the film will delaminate or fracture. Usually the coated sample has a pre-
crack at the center to facilitate film delamination. Double cantilevered beam test 
and wedge test are variations of the test method. (Lacombe, 2006; Mittal, 1976, 
2014; Volinsky, 2002). Four point bending is widely used when testing multi-
layer thin film stacks (Dauskardt, 1998; Xu, 2015). 

 
Watanabe et al. used pulsed laser irradiation on the backside of the test struc-

ture to create a strong ultrasonic wave to evaluate delamination characteris-
tics of an electroplated nickel coating on a steel substrate (Watanabe, 2016). Os-
trowicki et al. used a magnetically actuated peel test setup resembling is-
land blister testing, where they attached a permanent magnet to the tested film 
and used an electromagnet below the sample to delaminate the coating (Os-
trowicki, 2012). 
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2.2 Lateral loading to the film-substrate interface 

In publications II and IV microspheres were embedded between a film-sub-
strate interface and detached using a lateral force measurement system. Energy 
dispersive x-ray spectroscopy (EDX), scanning probe microscopy (SPM) and 
scanning electron microscopy (SEM) were used to characterize the resulting 
holes and the area of interfacial fracture was measured using digital image anal-
ysis software. The critical stress of interfacial fracture σ (MPa) was calculated 
as F/A, the detaching force F (μN) divided by the area of interfacial fracture A 
(μm2). 

 
The test system used in publication IV also enabled the calculation of the work 

of interfacial fracture, W (pJ) or the detaching energy, which was calculated 
from the force measurement graph as a function of distance as the integrated 
area of the measured force when detaching the spheres. Also the energy release 
rate of interfacial fracture G (J/m2) could be calculated from the work of inter-
facial fracture and the area of interfacial fracture as W/A. 

 
In publication II a test system originally meant for cell adhesion study (Figure 

6) was modified to target and push small microspheres embedded on a (trans-
parent) glass substrate required by the bottom view microscope system. 

 

 

Figure 6. Modified cell adhesion test system used in publication II with bottom view microscope. 

In publication IV a microrobotic semi-automatic assembly was constructed 
for improved repeatability and reliability enabling the use of opaque substrates 
(Figure 7). Further experimental details can be found in publications II and IV. 
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Errata: the SC-2 chemistry in Publications III and IV is wrong. It should be 
H2O2, HCL and DIW. 

 

 

Figure 7. The microrobotic assembly constructed in publication IV with the sample in the home-
position. 

The embedded microsphere testing shares some similarities with at least these 
two existing adhesion testing methods where the loading to the test region is 
applied at least partially laterally (depending on the test setup): 

 
In peel testing or tape testing a tape or other adhesive is attached to the 

coating and pulled maintaining a specific angle and load. Typically the pull angle 
is either 90° or 180°. The peel test is most usable for tough flexible coatings on 
rigid substrates. During the pull test the interface region is subject to both mode 
I (tensile) and mode II (shear) loads depending on the direction of the pull and 
the ratio of the loading is called mode mixity (ψ). The adhesion strength of most 
coatings is anisotropic depending on the direction of the pull resulting in differ-
ent loading mode. The tape test is one of the fastest and easiest adhesion tests, 
but it offers only qualitative or at most semiquantitative results. If the coating 
does not delaminate, then the adhesion of the coating to the substrate is higher 
than the adhesion of the tape to the coating. Normally tape testing is used to 
screen out clearly bad adhesion signifying that something has gone wrong in the 
processing of the sample (Calder, 1983; Lacombe, 2006; Kovalchick 2013)  
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2.3 Loading to the top of the film-substrate interface 

In publications III and V nanoscratching and scanning nanowear testing with 
increasing loads were used to study nanomechanical and interfacial properties 
of ALD coatings. The used testing methods were developed to extend the capa-
bilities of existing nanotribological test systems while minimizing interaction 
volume of the loading to the substrate. Publication III was a large collaborative 
effort, where mechanical properties of ALD coatings were extensively charac-
terized. Film stress was analyzed by wafer curvature measurements, elastic 
modulus by nanoindentation and surface-acoustic wave measurements and 
hardness by nanoindentation. Adhesion was characterized using microscratch 
testing and scanning nanowear testing. The films were also analyzed by ellip-
sometry, optical reflectometry, X-ray reflectivity measurement and time-of-
flight elastic recoil detection analysis for refractive index, thickness, density and 
impurities. In Publication V, in addition to the nanoscratching and scanning 
nanowear testing, samples were also characterized using scanning electron mi-
croscopy (SEM), elastic recoil detection analysis (TOF-ERDA), grazing inci-
dence X-ray diffraction (GIXRD) and X-ray reflectivity measurement (XRR) as 
well as contact profilometry for residual stress measurement. Further experi-
mental details can be found in publications III and V. Errata: the SC-2 chem-
istry in Publications III and IV is wrong. It should be H2O2, HCL and DIW. 
 

The nanoscratching and scanning nanowear testing share similarities with 
these existing adhesion and tribological testing methods where the loading to 
the test region is applied from the top of the film with our without a lateral com-
ponent: 

 
In scratch testing a controlled scratch is generated on a selected area using 

a hard tip. The shape and size of the tip may vary. One commonly used tip for 
scratch testing is 200 μm tip radius Rockwell-C conical diamond tip. The load 
can be constant, incremental or progressive. When the tip is drawn across the 
coated surface the coating will start to fail when a certain critical load of the 
coating is reached. This failure can be seen as cracks or delamination of the coat-
ing such as buckling and spallation as can be seen in Figure 8. The critical load 
Lc1 is the point where the first recognizable failure occurs and the critical load 
Lc2 is the first point where coating delamination is observed. The critical load 
is a quantitative way to compare the adhesion of different coatings, although 
test and sample specific parameters, such as loading rate, scratching speed, in-
denter tip radius and material, friction coefficient, internal stresses, hardness 
and roughness of the substrate, the coating and the coating substrate system as 
well as the coating thickness, affect the results. The scratch tester measures the 
applied normal force, the tangential force or friction, penetration depth and it 
can also measure acoustic emission. The scratch track is imaged using an optical 
microscope to the system. (Lacombe, 2006; Mittal, 1976, 2014; Volinsky, 2002; 
Vaughn, 1995; Bull, 2006) 
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Figure 8. Schematic drawing of scratch testing and the resulting scratch track with coating de-
lamination. 

 
In pull-off testing high-modulus metal or ceramic stubs are glued to the 

coating and after curing of the adhesive they are pulled off the coating measur-
ing quantitatively the pull-off force and displacement. At a certain critical load 
the stub is pulled off and breakage occurs at the weakest point(s). The failure 
can be either adhesive at any of the interfaces, cohesive at any of the bulk mate-
rials, or typically, as a mixed-mode interfacial and cohesive fracture. If the coat-
ing adhesion to the substrate is higher than the glue cohesion, the test setup is 
not applicable as the stub will detach from the surface of the sample before de-
lamination of the coating is initiated.  (Mittal, 1976, 2014; Sickfeld, 1983; Volin-
sky, 2002; Lacombe, 2006; Lim, 2015) 

 
In indentation testing the sample is indented and if the substrate is metal 

or other plastic material it will be plastically deformed facilitating delamination. 
If the film has a poor adhesion to the substrate it will delaminate around the 
plastically deformed area as can be seen in Figure 9. Indentation testing is not 
feasible for hard and non-plastic substrates which will fracture during the in-
dentation testing. In their review about indentation testing Marshall et al. say 
“It is demonstrably the simplest, most economical and versatile of all mechani-
cal testing protocols.” (Marshall, 2015) Vickers or Rockwell indenters can be 
used for the testing of thicker films. The Vickers indenter is a four-sided pyram-
idal diamond tip, Rockwell-B indenter is a hard metal ball tip and Rockwell-C 
indenter is a conical diamond tip with the radius of 20 μm. (Jayachandran, 
1995; Lacombe, 2006; Marshall, 1984; Mittal, 1976, 2014; Volinsky, 2002). 
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Figure 9. About 200 nm thick DLC coating delaminated from a titanium substrate after Vickers-
indentation adhesion testing. 

When indentation induces delamination the interfacial fracture energy is cal-
culated by modelling the delamination as a clamped circular plate, where the 
strain energies are a function of the delamination radius allowing the determi-
nation of the fracture energy release rate taking into account the critical buck-
ling stress, the driving stress, and the indentation stress. (Gerberich, 2006). 

 
Especially in the case of well-adhering, low modulus or ductile thin films reg-

ular adhesion testing methods can’t be used to facilitate delamination as the 
films undergo plastic deformation around the loading point relieving the stress 
rather than transferring it to the interfacial crack tip. A high modulus hard su-
perlayer capable of supporting and storing large amounts of elastic energy can 
be used to prevent the interfacial stress relief causing the formation of a delam-
ination blister around the loading point. The area of the delaminated blister can 
then be used to calculate the strain energy release rate or the practical work of 
adhesion of the underlying thin film to the substrate. (Kriese 1999; Volinsky, 
2003a-b) 
 

Nanoindentation testing can be used for testing thinner films. Nanome-
chanical properties and fracture toughness can also be measured using 
nanoindentation and observing the formation and length of radial cracks from 
the edge of the indentation mark. (Mamun, 2015). Practical work of adhesion 
can be evaluated from the nanoindentation-induced blister (NIB) test (Gerber-
ich, 2006; Chen, 2011) where a mechanically stable crack is introduced to the 
interface by nanoindentation and characterized from the top by electron micros-
copy. A more detailed side view of the interfacial characteristics can be obtained 
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using cross-sectional nanoindentation developed by Sanchez et al (Sanchez, 
1999; Scherban, 2003; Zheng, 2005; Roshangias, 2015). 

 
Matoy et al. used deflecting cantilevers fabricated by focused ion beam ma-

chining to study adhesion (Matoy, 2009b). Different superlayers have also 
been used to test delamination (Modi, 2004; Zheng, 2007) 
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3. Results and discussion 

Energy release rates for 100/300 nm TiO2 and Al2O3 films measured in Publi-
cation IV can be found in Figure 10. In most cases the energy release rates are 
primarily depending on film thickness and after that on deposition temperature. 
For 100 nm TiO2 they are between 1.0 – 8.5 J/m2 and for 300 nm TiO2 between 
6.o – 17.7 J/m2. The same values for 100 nm and 300 nm Al2O3 are between 3.1 
– 7.7 J/m2 and 0.5 – 13.4 J/m2, respectively. In Publication I we obtained adhe-
sion energies of 1.15 J/m2 for platinum (300 nm), 1.4 J/m2 for copper (300 nm) 
and 1.75 J/m2 (300 nm) for chromium/copper on ALD Al2O3. Comparison with 
literature values shows the results are reasonable. Reported adhesion energies 
for copper (40 nm – 3 μm) on SiO2 are 0.6 – 100 J/m2 (Volinsky, 2002) and 5-
9 J/m2 for tungsten (530 -760 nm) on SiO2 (Volinsky, 2002). 

 

 

Figure 10. Energy release rates of 100 nm / 300 nm TiO2 (T) and Al2O3 (a) on silicon substrate 
from Publication IV. Material marked with T/A, deposition temperature with L (low) = 110°C, M 
(medium) = 200°C and H (high) = 300°C. 

In addition to our  results, the differences in mechanical properties observed 
in thin films and bulk materials in micro- and nanoscale can be observed for 
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example using MEMS-based tensile and bending techniques (Haque, 2003), fo-
cused ion beam (FIB) prepared samples in combination with atomic force mi-
croscopy, nanoindentation (Motz, 2005; Uchic, 2003, 2004) or micro-shear 
testing (Heyer, 2014), in-situ SEM microindentation (Kiener, 2008) and in-situ 
TEM nanoindentation (Imrich, 2015). 

 
The summarized advantages and disadvantages of different mechanical char-

acterization methods for thin films and interfaces including adhesion testing are 
listed in Table 1 for comparison of different traditional testing methods. Similar 
comparison of testing methods presented in this work are listed in Table 2 (ap-
pended from Lacombe, 2006 and/or Berdova, 2015). 
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Table 1. Comparison of different traditional mechanical testing methods for thin films and inter-
faces (appended from Lacombe, 2006 and Berdova, 2015). 

METHOD ADVANTAGES DISADVANTAGES 

Peel test / Tape 
test 

Simple sample preparation Only for soft, flexible coatings on 
rigid substrates 

Straightforward Only qualitative / 
semi-quantitative 

Control of the delamination rate Results not so well reproducible 

Possible under controlled  
temperature and environment Destructive 

Pull test 

For both ductile and brittle 
films Only for flat samples 

Simple sample preparation Misalignment causes large errors 

Qualitative and quantitative 

Glue cohesion is the  
upper limit of the test 

Uncontrollable failure mode 

Destructive 

Indentation / 
nanoindentation 

Easy sample preparation Quantitative analysis difficult 

Suitable for a wide variety of 
coatings and substrates Significant loading to substrate 

Nanoindentation enables  
simultaneous measurement  

of Young's modulus 
Destructive 

Scratch test 

Easy sample preparation Works best with hard coatings  
on softer substrates 

Qualitative,  
can be comparatively  

semi-quantitative 

Substrate can break before  
delamination, adhesion results 

questionable 

Widely used Destructive 

Commercial systems widely 
available 

Results can vary depending  
on many variables 

Difficult to compare  
quantitative results 

Bend testing 

Quantitative analysis possible Limited sample geometries 

Beam bending mechanics 
widely studied 

Poor correlation simulating  
real-life results 

Straightforward conversion of 
load-displacement data into 

fracture toughness or surface 
fracture energy 

Delamination driven by external 
loading at substantial levels of  

deformation and strain 

Easy to fabricate large number 
of samples for different condi-

tions 
Destructive 

Blister test 

Quantitative analysis possible Requires special sample  
preparation 

Relatively low strain on the 
coating material 

Coating cohesion/fracture tough-
ness can be a limiting factor for 

the test 

Maximum stress concentrated 
at the delamination front close 

to the coating/substrate  
interface 

Limited to fairly flexible coatings, 
brittle coatings can crack before 

delaminating 

Different designs for varying 
levels of adhesion 

For semiconductors, requires  
wafer processing facility 
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Table 2. Comparison of mechanical characterization methods for thin films and interfaces pre-
sented in this work (appended from Berdova, 2015) 

METHOD ADVANTAGES DISADVANTAGES 

Shaft-loaded 
blister test  

 
[Publication I] 

 
 
 
 

Quantitative analysis possible Requires special sample preparation 

No direct contact to the film 
during testing 

Coating cohesion / fracture  
toughness can be a limiting factor 

for the test (film breaks before  
delamination when  

cohesion < adhesion) 

Control of the delamination rate Misalignment can cause 
film fracture 

Clear interface separation  
in delamination 

Requires semiconductor  
processing facility 

Easy to fabricate several test  
regions for statistical testing 

with good reproducibility 

Requires specific etch stop layer as a 
part of the thin film stack 

Nanoscratch 
and Scanning 

nanowear  
 

[Publications 
III&V] 

 
 
 
 
 

No special sample preparation 
required 

Sharp tip can cause cohesive failure 
which can dissipate stored energy 

Small interaction volume Does not induce delamination if 
film cohesion < adhesion 

Minimized loading to the sub-
strate 

Needs special care with finding the 
test site due to small size 

Nanoscratch works as a 
pre-crack to initiate possible 

delamination 

Difficult to compare quantitative 
results 

Nanoscale control possible Results can vary depending on 
many variables 

SPM characterization possible 
with the same system Destructive 

Embedded  
microspheres 

 
 [Publications 

II&IV] 
 
 
 
 
 

Easy sample preparation Special care must be taken to iden-
tify and find individual test sites 

Wide variety of coating/sub-
strate systems possible 

Several failure modes can lead to 
difficult quantitative analysis 

Minimized loading  
to the substrate 

Requires fabrication of separate test 
samples 

In-situ real-time visual charac-
terization coupled with highly 
accurate force measurements 

Highest stress at the root of the 
sphere might lead to decohesion 

dissipating stored energy 

Programmable/semi-automatic, 
excellent repeatability 

Does not induce delamination if 
film cohesion < adhesion 

Improves measurement  
capabilities of films with  

excellent adhesion beyond  
current capabilities 

Requires conformal coating at the 
base of the sphere 

 
In Tables 3 and 4 are the combined results comparing adhesion / critical stress 

/ load for failure values of different ALD Al2O3 and TiO2 thin films characterized 
in this work, respectively. 
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Table 3. Combined results and comparison of adhesion/critical stress/load for failure values of dif-
ferent ALD Al2O3 thin films characterized in this thesis. 
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Table 4. Combined results and comparison of adhesion/critical stress/load for failure values of dif-
ferent ALD TiO2 thin films characterized in this thesis. 
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3.1 Loading from behind the film-substrate interface 

As a new method for loading of the thin film from behind the MEMS shaft-
loaded blister testing system was presented and demonstrated for the qualita-
tive and quantitative measurement of adhesion of several sputtered metallic 
thin films on ALD alumina: Pt/Al2O3, Cu/Al2O3 and Cu/Cr/Al2O3. The average 
adhesion energy for the Pt/Al2O3 film was 1.15 ± 0.1 J/m2 using two approaches. 
For comparison, the Cu/Al2O3 adhesion energy was 1.4 J/m2 and the 
Cu/Cr/Al2O3 adhesion energy was 1.75 J/m2. The test method showed good re-
peatability and reproducibility and due to the MEMS test structure the loading 
of the thin film was done from the backside of the film and the interface through 
a hole in the substrate. 

 
Films with low adhesion to the substrate were successfully delaminated and 

their adhesion was measured quantitatively. Previous studies report lower ad-
hesion values: 0.3 J/m2 for Pt/Al2O3 (1.15 ± 0.1 J/m2 in this work) and 0.4 – 0.7 
J/m2 for Cu/Al2O3 intefaces, but the Pt and Cu were sputtered on bulk Al2O3 
compared to ALD Al2O3 in this work being one reason for the difference (Ven-
katraman, 1993; Ward, 1993). 

 
Silicon nitride and carbide coatings were also tested but their cohesion was 

lower than the film adhesion resulting in film breakage (after 7 μm and 12 μm 
of displacement, respectively). Thus the limiting factor for the measurement is 
the cohesion of the films. If the film breaks before it is delaminated adhesion 
can’t be measured (or it is equal or higher to the breaking load). The MEMS test 
structure can be preproduced and in Publication I there were 9 test sites for 
improved repeatability. The design can be varied freely, increasing the repeata-
bility of the test chip design even further. 

 
The method is good for the quantitative measurement of films with low adhe-

sion to their substrate. The disadvantage of the method is that if the interfacial 
adhesion of the thin film to the substrate is higher than the film cohesion, the 
film will not delaminate but fracture. This can limit the applicability of the test 
method for very thin films in the range of a few nanometers. The sample loading 
tool can however be selected according to the expected film properties. For ex-
ample common nanoindentation tools can offer sensitivity of measurement <30 
nN with <0.2 nm accuracy (Azonano, 2019).  The method can however be used 
for the analysis of film fracture toughness as well as for studying elastic-plastic 
properties of the film. For Al2O3 thin films the fracture strength of 1.57 ± 0.41 
GPa was obtained using the MEMS shaft loaded test developed in Publication I, 
and 2.56 ± 0.21 GPa using bulge test (Berdova, 2014). 

 
The SLBT has been specifically designed for MEMS-applications where silicon 

is the most common substrate material. If other substrates would be used, then 
there would be a need for method development to micromachine the pillar 
structures and the membrane. Part of the structure could be micromachined 
mechanically, but the final release of the membrane would probably require 
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some etchant with selectivity to prevent substrate material etching. Also a suit-
able etch stop layer is needed as the functional substrate in the test. The side-
walls do not necessarily need to be vertical which can offer options to the etchant 
selection. Silicon nitride could be used as an etch stop material, but it has poor 
selectivity against SF6-based plasma etching, therefore only rectangular shape 
membranes can be fabricated by anisotropic wet eching using TMAH or KOH. 
Good selectivity of the chosen etchant is needed to make arbitrary material pairs 
such as TiN/steel. For example using Cl2/N2 etchant in a high-density helicon-
wave plasma the selectivity of up to 500 was achieved for TiN/SiO2 (Chiu, 2001). 
Notching (charging-induced lateral etching in the etch-stop interface) can have 
an effect on the delaminated area as it can lead to variation in the etched struc-
tures with different degrees of undercut at the etch stop interface causing vari-
ation to the measurement results.    
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3.2 Lateral loading to the film-substrate interface 

The innovative approach to embed microspheres inside the coating to measure 
thin film adhesion and interfacial mechanical properties was presented in Pub-
lication II. The microspheres were detached using a force sensor and the result-
ing hole was characterized using optical microscopy and SEM. The first genera-
tion proof-of-concept system had a large variation of ~33% in the results. The 
measurement was done using a manually operated 3D-joystick which reduced 
the reliability and repeatability of the results. Also the targeting was not as ac-
curate as it had to be done through the transparent substrate. Another possible 
reason for the variation was the wet deposition of the microspheres, causing 
possible unhomogenic contamination in the embedded interface. 

 
The method and the system was further developed in Publication IV to use a 

microrobotic assembly (and dry deposition of the microspheres) with accurate 
force sensors to measure the adhesion and interfacial mechanical properties of 
atomic layer deposited thin films. The new system proved to be more accurate, 
repeatable and reliable due to the fully programmable semi-automatic microro-
botic assembly reducing the variation significantly to about only ~10%. The 
dual-camera setup seen in Figure 11 also enabled the measurement of any sub-
strate materials (opaque and transparent) which is essential if the method will 
be used in testing of silicon based semiconductor/MEMS/NEMS devices. 

 

 

Figure 11. Top view and sideview of the embedded microsphere seen on the left to the meas-
urement tip. Reference level drawn to sideview image (measurement tip and microsphere are 
reflected from the coated silicon surface). 

In figure 12 is a SEM-image of a detached microsphere after measurement us-
ing the testing system of Publication IV. Thin film has been delaminated from 
the film-substrate interface. 

300 μm 100 μm 
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Figure 12. Delamination of ALD TiO2 thin film from silicon substrate using embedded micro-
sphere testing (Publication IV).

The multiaxial stress state in loading was modelled in Publication IV using 
Finite Element Analysis (FEM). The highest stresses were seen in the Z-compo-
nent (Figure 13) where stress maximum occurs at the root of the embedded mi-
crosphere so that on the loading side the stress is tensile and on the opposite 
side the stress is compressive with roughly equal absolute values. The modelled 
stress was higher in the thin film – substrate interface than in the thin film – 
sphere interface. 
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Figure 13. FEM model of the embedded microsphere testing from publication IV. Z-component 
stress is shown on the right side image: stress maximum occurs at the root of the embedded 
microsphere so that on the loading side the stress is tensile and on the opposite side the stress 
is compressive with roughly equal absolute values. 

The critical factor for inducing delamination during the testing is that the film 
adhesion is higher than cohesion. Especially in the case of thinner films, if the 
film breaks before delamination it will not be able to transfer the loading energy 
to the film-substrate interface thus preventing delamination. This can limit the 
applicability of the test method for films in the range of a few nm. However, very 
thin films have higher internal stress, which can actually facilitate the delami-
nation. When going down to thinner films down to a few nanometer, the em-
bedded sphere size must be adjusted accordingly also to nanoscale. The meas-
urement tool must also be changed to a scanning probe microscope with higher 
sensitivity. For example common nanoindentation tools can offer sensitivity of 
measurement <30 nN with <0.2 nm accuracy (Azonano, 2019). Thicker films 
can withstand higher loading and can enable the load transfer better to the in-
terface before cohesive failure of the film. However, if the adhesion is lower than 
film cohesion, the loading energy can be transferred to the interface causing de-
lamination. Other limitations of the test method include the need for conformal 
coating at the root of the sphere which can be easily achieved using ALD. For 
other deposition methods some kind of sample tilting and rotation would be 
needed to achieve the same effect. 

 
Also crystallinity and grain size seem to have an effect on the transfer of the 

loading energy. Crystalline structures with larger crystal grains were more 
prone to delamination compared to amorphous and smaller crystal grain struc-
ture films (Figures 14-17). TiO2 on glass substrate was also more easily delami-
nating than on silicon substrate. There is a notable difference in the nucleation 
density of anatase crystals between the two different substrate materials. This 
might lead to increased film cohesion and energy transfer capacity in the case 
of glass substrate facilitating the delamination. Of course, other factors such as 
surface condition and possible impurities in the interface have a big impact on 
the adhesion. 

 
With the embedded microsphere method the loading to the substrate is mini-

mized and we were successfully able to delaminate ALD TiO2 coatings from both 
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glass and silicon substrates (see Figures 14, 16 and 17), which has not been pos-
sible using current testing methods, namely scratch testing (Kilpi, 2016; 
Ylivaara, 2017), where the substrate fractured before delamination was ob-
served in all measured ALD films. So the method opens up new possibilities to 
measure the interfacial properties of the coatings beyond current limits. 

 

 

Figure 14. Delamination from thin film – substrate interface (left) and thin film – microsphere in-
terface (right). Sample: 100 nm ALD TiO2 thin film grown in 200°C on glass substrate. Thin 
film grain size is between 100 – 200 nm. Samples from publication II.  

 

 

Figure 15. SEM-image of detached microsphere after testing of 100 nm TiO2 thin film grown at 
200°C on silicon substrate showing partially crystalline anatase structure with grain size between 
100 – 400 nm protruding up to 80 nm above the amorphous matrix. Area equivalent to one crystal 
grain on the right side of the original sphere location has been delaminated. Sample from publi-
cation IV, crystal protrusion data from publication V. 
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Figure 16. Delamination from 300 nm TiO2 thin film – silicon substrate –interface after embedded 
microsphere has been detached. Film grown at 200°C showing large crystalline anatase structure 
with main/secondary grain sizes of 900±250 nm / 230±60 nm. Sample from publication IV. 

 

Figure 17. Corresponding detached microsphere from Figure 16. with the delaminated thin film-
clearly visible at the root of the sphere. Sample: 300 nm TiO2 thin film grown at 200°C on silicon.
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3.3 Loading to the top of the film-substrate interface 

In Publication V, the nanotribological, nanomechanical and interfacial proper-
ties of 15 - 100 nm thick atomic layer deposited (ALD) TiO2 coatings deposited 
at 110 - 300 °C were studied using nanoscratch and scanning nanowear testing. 
In Publication III, 100 nm thick ALD Al2O3 deposited at 300 °C on a silicon sub-
strate was studied using scanning nanowear testing with comparison to tradi-
tional scratch testing. The sharp cube-corner tip enabled the minimization of 
the interaction volume of the loading to the substrate. Thin film hardness and 
elastic modulus were measured using nanoindentation. 

 
The sharp cube-corner tip with manufacturer specified nominal tip radius of 

<40 nm minimizes the interaction volume to the substrate compared to tradi-
tional scratch testing which typically utilize Rockwell-C (HRC) conical diamond 
tips with a radius of 20 μm. The loading will result first in elastic deformation 
of the film followed by either (i) plastic deformation with strongly adhering 
films, (ii) cohesive failure (within film fracture and possible material removal) 
or (iii) debonding from the substrate – thin film interface when the adhesion is 
lower than film cohesion. No delamination was observed outside of the scanned 
areas and also no significant delamination was observed around the pre-
scratches signifying excellent adhesion. The adhesion of the films were maybe 
“too good” for this test as no delamination was observed. Also the tip radius is a 
balancing act between localized stress and interaction volume to the substrate. 
One of the main points of this study was to focus the loading more to the film 
and to the interface instead of the substrate. Utilizing the significantly sharper 
tip in the nanoscratching and scanning nanowear (40 nm tip radius compared 
to the 20 μm HRC tip used in the microscratch testing) the loading to the sub-
strate was not as strong and thus the goal to focus the loading more to the film 
and to the interface succeeded. 

 
If the film adhesion is higher than film cohesion, the film will fracture and the 

energy will be relaxed, redistributing and releasing the elastic and plastic strain 
in the coating which will significantly reduce the chance of delamination. (Bull, 
2006; Roshangias, 2015).  This will limit the applicability of the test method to 
study adhesion for thinner films in the range of a few nanometers, as the films 
will easily fracture. Fracture properties and other mechanical parameters such 
as wear resistance can however be studied as scanning load can be lowered. For 
example common nanoindentation tools can offer sensitivity of measurement 
<30 nN with <0.2 nm accuracy (Azonano, 2019).  One of the biggest factors to 
the energy distribution is the tip geometry, mainly the tip radius. An energy-
based comparison of the tip radii is presented in Figure 18. Delamination can 
be seen as the effort of the coating to minimize its stored elastic energy (Bull, 
1990). Increasing film thickness up to a certain point lowers the residual stress 
of the film which can improve the mechanical properties of the film as well as 
the adhesion. Film thickness also affects the degree of crystallization if the dep-
osition temperature is high enough for phase transformation. For thinner films 
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there is not enough deposition time or film thickness for full phase transfor-
mation from amorphous to crystalline structures and the resulting film can be a 
composite mixture of small crystals in an amorphous/nanocrystalline matrix. 
Increasing the deposition temperature also increases the film hardness (Publi-
cation V) and reduces the impurity content of the films (Publication III, Ritala, 
2002). 
 

 

 

Figure 18. Energy based model comparison of sharp tip and big radius tip based on Xie, 2001, 
2002; Bull, 2001, 2006; Roshangias, 2015 and Publications III & V.  

Scratch testing is best suitable for hard and brittle coatings on soft elastic sub-
strates resulting in clear thin film breakage or delamination. If the substrate is 
hard and brittle, the substrate may break before the film not measuring the in-
terfacial toughness of the thin film as was seen in publication III. (Sang-Hyuk, 
2001; Qian, 2014). Typical scratch test failure modes for hard coatings can be 
divided into four categories 

 

SHARP TIP:

• Focused loading
• Minimized interaction volume
• Reduces the critical load for fracture
• More confined plastic deformation
• Eliminates substrate influence
• If a groove is formed in the substrate,
the sidewalls can cause high bend
stress resulting in cohesive failure.
However, when the loading is focused
on the film, this will not happen

• Once the film fractures, stresses are
relaxed which might prevent
delamination

BIG RADIUS TIP:

• Can be used to induce adequate stress
field to cause adhesion failure (due to
bending/plastic deformation of the
substrate)

• Does not study the film, but the
“entire system”

• Substrate can undergo phase
transformation and collapse

• Soft substrates will plastically deform,
which induces delamination with hard
brittle coatings

• Results questionable if substrate
fractures before delamination

• Substrate deformation can redirect
the loading from the top to beneath
the coating facilitating delamination
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1. De-cohesion (through-thickness fracture): The film can un-

dergo Hertzian cracking or crack under tensile stress behind the in-

denter. The coating can also bend conformally to the scratch track or 

the film can crack. (Burnett, 1987; Bull, 1991; Bull, 2006) 

2. De-adhesion / delamination (interfacial failure): Compres-

sive spallation and buckling can occur ahead of the indenter. Elastic 

recovery can also induce spallation behind the indenter. (Burnett, 

1987; Arnell, 1990; Bull, 1991, 1995, 1997 and 2006) 

3. Chipping within the coating: Observed in thick coatings (>50 

μm) on softer substrates. Stresses generated by the test do not reach 

the interface, but the coating is chipped within the coating instead. 

(Bull, 2006) 

4. Chipping within the substrate (bulk fracture): If the adhe-

sion of the coating to the substrate is good enough, chipping within 

the substrate can occur. This occurs especially with brittle coatings 

on brittle substrates. (Bull, 2006) 

 

Bull et al. observed different failure modes as a function of substrate and coat-
ing hardness shown in Figure 19 (Bull, 2006). 
 

 

Figure 19. Relation of substrate and coating hardness to dominating scratch test failure modes 
(modified from Bull, 2006). 
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For soft coatings and soft substrates main failure modes are plastic defor-
mation and groove formation. For hard coatings on soft substrates main failure 
modes are de-adhesion or delamination (interfacial failure) as well as de-cohe-
sion (through-thickness fracture) or even bulk fracture of the substrate. In pub-
lications III and V the studied system was hard coatings on hard substrates. In 
the case of traditional scratch testing the resulting failure mode was bulk frac-
ture before delamination. In the case of scanning nanowear testing the failure 
mode was plastic deformation and de-cohesion. From all of these failure modes 
buckling and spallation are related to adhesion and it is difficult to separate the 
work of adhesion from other energy absorbing mechanisms (Wei, 1998; Bull, 
1995, 1997, 2006). Gruss et al. concluded in their work that residual stress is the 
most important parameter governing adhesion (Gruss, 1999). 

 
There are several factors affecting the critical load for film detachment in the 

scratch test. The intrinsic parameters from the test setup are loading rate, 
scratching speed, tip radius, tip wear as well as other factors related to the test 
machine. Extrinsic parameters include substrate and coating properties (hard-
ness, modulus, thermal expansion coefficient, thickness) and friction coefficient 
affected by surface condition of contacting bodies and test environment (for ex-
ample humidity). (Lacombe, 2006). Big radius tip using traditional scratch test-
ing and a sharp small radius cube corner tip using scanning nanowear testing 
were compared in Publication III. The qualitative results were the same (excel-
lent film-substrate adhesion of the studied film), but in the case of big radius 
tip, the substrate broke always before any delamination was observed due to 
significant loading to the substrate. With a smaller radius tip the substrate did 
not fracture or permanently deform, but no delamination of the film was ob-
served either. 

 
Xie et al. made theoretical and experimental analysis of the effects of indenter 

geometry to different failure modes in scratch adhesion testing (Xie, 2001 and 
2002). However, they used significantly thicker films (2-3 μm) compared to 
ALD (1-300 nm) and larger tip radii (50-500 μm). Based on their analysis the 
failure mode of hard coatings on a ductile substrate is controlled by the indenter 
geometry but their analysis is based on a case when the substrate is plastically 
deformed. Adhesive failure requires a high-enough compressive stress field in 
the coating induced by the indenter tip. However, the tip also simultaneously 
induces a bending stress field in the coating due to plastic deformation and 
groove formation of the substrate which might result in cohesive failure of the 
coating before adhesive failure. Similar cohesive failure and groove formation 
was also observed in publications III and V. Sharper tips create grooves with 
sharper sidewalls resulting in higher bending stress fields which lead to easier 
cohesive failure. Larger tip radius can be used to induce higher compressive 
stress fields with a lower bending stress facilitating adhesive failure instead of 
cohesive failure. 
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A systematic microscratch evaluation of ALD thin films on a silicon substrate 
by Kilpi et al. (Kilpi, 2016) and Ylivaara et al. (Ylivaara, 2017) shows that the 
definition of critical loads according to crack generation and delamination of the 
coating (as described in Standard C1624-05, 2015) are not applicable to thin 
ALD films deposited on silicon substrate: The standard is designed for thicker 
PVD and CVD coatings, and the silicon substrate undergoes a phase transfor-
mation (Pharr, 1991; Domnich, 2002) while the substrate is under enough stress 
causing the substrate to suddenly collapse. In practice this means that the sili-
con substrate breaks before the films are delaminated, which is a sign of excel-
lent adhesion. In this case the adhesion value of the coating to the substrate is 
higher than the point of substrate breakage. This was one of the main reasons 
for trying to find alternative ways to study the interfacial mechanical properties 
of thin films with special emphasis on avoiding fracture or permanent defor-
mation of the substrate. The hypothesis was that it is possible to delaminate thin 
films even when the loading to the substrate is minimized. In publications III 
and V no delamination was observed outside the scanned region signifying ex-
cellent film-substrate adhesion. The sharp tip geometry resulted in cohesive 
failure of the film, which relaxed the stored energy, probably preventing delam-
ination from taking place. Thus the selection of tip geometry (size, sharp fea-
tures) to the application is critical if the goal is to minimize the substrate effect 
while facilitating delamination instead of cohesive failure. A more extensive test 
series with different tip geometries and sizes would be beneficial to study the 
relationship between delamination and cohesive failure as competing failure 
modes. 
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4. Conclusions 

This thesis focused on the development and demonstration of mechanical char-
acterization methods for thin films and interfaces.  MEMS test chips and struc-
tures and automated microrobotic testing systems were designed and tailored 
enabling to extend the measurement capabilities of existing (nanotribological) 
testing systems. The goal of these test methods was to avoid fracture or perma-
nent deformation of the substrate while delaminating thin films even when the 
loading to the substrate is minimized. The true work and practical work of ad-
hesion and their different contributing factors were evaluated with different ad-
hesion testing methods. Delamination and cohesive failure of either the film or 
the substrate were also shown to be competing failure modes.  

 
An introductory overview of atomic layer deposition, cohesion, adhesion, tri-

bology and wear were presented. Traditional mechanical characterization meth-
ods for thin films and interfaces were also presented classified into categories 
based on loading direction for comparison to our newly developed testing meth-
ods. Three new characterization methods for especially atomic layer deposited 
thin films were presented and successfully demonstrated. The thesis included 
five publications and the following conclusions are presented:  

 
In publication I, a MEMS shaft-loaded blister test was presented and demon-

strated showing good accuracy and repeatability of the measurement results. 
The main novelty was in the MEMS test structure where direct contact of the 
microindenter and the thin film was avoided by using a micromachined cylinder 
or shaft to facilitate delamination during loading of a free standing membrane 
from the backside of the structure. The test structure minimized effect of the 
substrate, as the loading was focused to the backside of the film. Analyzing the 
measurement results is straightforward as the mechanical properties of the 
films can be derived from the load-displacement curves. The limiting factor for 
the test is film cohesion: the film will break before delamination if the adhesion 
of the film to the substrate is higher than film cohesion which can occur espe-
cially with very thin films. Development of a confined test structure, where the 
displacement would be limited not to exceed film cohesion, might enable the 
measurement of thin films with higher adhesion. The test method has demon-
strated its’ potential and it is especially useful for the quantitative measurement 
of films with lower adhesion and the test chip can be designed to include several 
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test sites for increased repeatability and ease of use. In the future further tests 
could be done to study several different material pairs, either film – film or film 
– substrate variations, as well as different test geometries. 

 
In publications II and IV microspheres were embedded inside different ALD 

coatings on glass and silicon substrates and then laterally detached using highly 
sensitive force measurement tools. The resulting holes in the coating were then 
characterized using for example SEM and digital image analysis. The detaching 
force curve was then used in conjuction with the fractured area analysis results 
to calculate the critical stress values related to film adhesion as well as cohesion. 
Work and energy release rate could also be obtained from the second generation 
measurement results. The main observed failure modes were (i) film-sphere ad-
hesive failure, (ii) cohesive failure of the film and (iii) film-substrate adhesive 
failure (also known as delamination). In publication IV a second generation pro-
grammable semi-automatic microrobotic assembly was designed and built to 
reduce the variation in the measurement results from ~33% down to a tolerable 
level of ~10% compared to the first generation test system used in publication 
II. The second generation setup also included top/sideview cameras enabling 
the use of any substrates (such as silicon), whereas the first generation test sys-
tem was limited to transparent substrates as the microscope was under the sam-
ple stage. Other limitations of the test method include the need for conformal 
coating at the root of the sphere which can be easily achieved using ALD. For 
other deposition methods some kind of sample tilting and rotation would be 
needed to achieve the same level of conformity. Film cohesion is also limiting 
the applicability of the test method, if it is lower than film adhesion to the sub-
strate. The main novelty of the test was the innovative approach to embed the 
microspheres inside the coating to again minimize the substrate effect when lat-
erally pushing and detaching the microspheres. The embedded microsphere ap-
proach enabled the delamination of ALD TiO2 coating on a silicon substrate that 
has not been possible using current measurement methods showing the great 
potential of this method and also confirming the hypothesis of this thesis. For 
these publications each individual microsphere was identified and measured 
separately linking the hole analysis data with the force measurement data which 
requires time and precision. Next tests could be done by analyzing the unlinked 
force measurement data and hole analysis data from a significant amount of mi-
crospheres that should approach a stable value for the critical stress, work and 
energy release rate.  

 
In Publications III and V a sharp cube-corner tip was used in a novel combi-

nation of nanoscratch and scanning nanowear testing of ALD TiO2 films mini-
mizing the interaction volume of the loading to the substrate. In Publication III 
only scanning nanowear testing with increasing load was used, which was fur-
ther developed in Publication V to include a pre-scratch mimicking a paint ad-
hesion scratch test in the micro- and nanoscale. All of the studied ALD films had 
excellent adhesion to the substrate and no delamination was observed. Different 
types of ductile or brittle film fracture modes could also be observed for different 
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types of ALD-films. Deposition temperature, film thickness and the degree of 
film crystallization was compared to the wear resistance and fracture properties 
of the coatings where the methods show their best potential. The crystalline 
phase of a partially crystallized film was measured to be more wear resistant 
than the amorphous matrix. The precise control of the scanning and the load 
enables nano-/micromachining and patterning of nano-/microstructures. In 
the future it would be interesting to study the effect of different tip geometries, 
namely the effect of the tip radius to the results, although increasing tip radius 
would inevitably lead to more substrate effect. Another interesting topic would 
be to test different substrate surface treatments before film deposition to see 
how different levels of interfacial mechanical strength affects for example the 
fracture behaviour of different films. 

 
These presented characterization methods are mostly generic, and can be ap-

plied for the evaluation of interfacial mechanical properties, such as adhesion, 
between practically any materials of choice with some limitations discussed in 
more detail in Chapter 3.1-3.3. The quantitative nature of the methods enables 
a more in-depth possibility for the analysis and tuning of the interfacial mechan-
ical properties of thin films and processes. Most of the presented test methods 
are destructive and require fabrication of separate test samples, which is not 
ideal. Sample geometry and fabrication is one main limiting factor for selecting 
a suitable test method. The microsphere test requires conformal coating near 
the root of the sphere for which ALD is an optimal coating process. These pre-
sented methods will offer ideas for futher development of application specific as 
well as generic characterization methods of the future. 

 
On the evidence of the results obtained in this thesis, it can be concluded that 

it is possible to develop mechanical testing methods for thin films and interfaces 
where fracture or permanent deformation of the substrate is avoided, while de-
laminating thin films even when the loading to the substrate is minimized. Es-
pecially the combination of microelectromechanical systems and microrobotics 
offers an interesting and versatile platform for mechanical and interfacial char-
acterization where several key parameters can be varied and tailored to meet 
specified requirements. 
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