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Keynote Lecture 1 

Room: Salon ABC - Session KL1 

8:30am  KL1-1  Trying to Understand Residual Stress in Terms of the 

Underlying Kinetic Processes, Eric Chason 
(eric_chason_phd@brown.edu), Brown University, USA INVITED 

Stress in thin films has been studied for a long time and there is a lot of 
phenomenology that is known. Materials with low atomic mobility often 
have tensile stress while materials with high mobility go through a series of 
stress states with thickness. The stress depends on the growth rate and 
temperature and can be affected by the grain size. Energetic deposition can 
greatly alter the stress state, creating compressive stress in films that would 
be highly tensile without energetic species. The experiments have led to the 
proposal of many different mechanisms for different aspects of the stress 
evolution and a comprehensive understanding is beginning to emerge. In 
this talk we describe a rate equation model that focuses on stress-generating 
processes that occur at the growing boundary between adjacent grains. The 
model predicts that stress in each new layer depends on the rate at which the 
grain boundary is growing. We compare the results of the model with wafer 
curvature measurements of stress vs. thickness and the dependence of the 
steady-state stress on growth rate and temperature. We also include 
additional stress effects due to grain growth and compare the model with 
experiments with different microstructural evolution. Finally, we describe 
recent attempts to include the effects of energetic bombardment to explain 
the stress in sputtered films at different growth rates and pressures. 

 

Monday Morning, October 3, 2016 



Monday Morning, October 3, 2016 2 

Stress Fundamentals and Modeling 

Room: Salon ABC - Session A 

Stress Fundamentals and Modeling 

Moderator: Grégory Abadias, Institut Pprime, UPR 3346 

CNRS-Université de Poitiers-ENSMA, France, Jozef 

Keckes, Montanuniversität Leoben, Austria 

9:15am  A-1  Stress Relaxation during First Stages of Ag Growth 

Monitored by In-situ Curvature and Electrical Resistivity 

Measurements, Sergey Grachev (s.grachev@inbox.com), Saint-Gobain 
Recherche, France, R. Lazzari, Institut des NanoSciences de Paris, France 

Deposition of a metallic film onto an amorphous substrate usually results in 
the three-dimensional (Volmer-Weber) type of growth. Stresses then 
develop in the compressive-tensile-compressive (CTC) sequence. It is 
believed that the first compression is related to the surface tension of the 
islands, the tension step is due to the grain-boundaries closure, and the 
further compression is the result of the accumulation of the adatoms in the 
grain-boundaries. The so-called “relaxation” of the stress is always 
observed when the deposition is stopped. We present the study of the 
relaxation of the stress by periodic interruptions of the deposition and 
observing the stress development in between sputter-depositions of Ag on a 
Si wafer covered by a native oxide. Interestingly, the deposition always 
results in the compressive development of the stress, while the “relaxation” 
is always towards the tension. The interplay between these two processes – 
during deposition and post-deposition – results in the same CTC curve still. 
In-situ resistivity measurements allow for a precise identification of the 
percolation threshold. The interruptions, predictably, result in the 
postponement of the percolation as the average deposition rate drops. 
However, the shift of the percolation cannot be explained solely by the 
reduction of the deposition rate.  

9:30am  A-2  Influence of Phase Separation on the Microstructure and 

Growth Stresses in Nanocrystalline Fe(Cr) Thin Films, Xuyang Zhou 
(xzhou41@crimson.ua.edu), G. Thompson, The University of Alabama, 
USA 

It is generally accepted that thin film stress is a competition between 
coalescence-induced tensile stresses and adatom diffusion into grain 
boundaries which generates compressive stresses. In the present work, we 
report how compositional segregation coupled with various substrate 
deposition temperatures influences the growth stress evolution in Fe(Cr) 
nanocrystalline thin films. Using Cr solute concentrations up to 15 at.%, the 
stress evolution during growth was measured. It was found that for low Cr 
contents, at room temperature deposition, the grains grew and the tensile 
stress reduced. However, at higher solute concentrations up to 8 at.% Cr 
under similar deposition conditions, the grains refined and the system 
returned to a more tensile stress state. Interestingly, further increases in Cr 
resulted in the onset of abnormal grain growth but the tensile stress 
remained relatively invariant. This behavior has been explained by the 
segregation and clustering of Cr within the grain boundaries. By annealing 
the film during its deposition, phase separation between Fe and Cr was 
greatly facilitated resulting in equiaxed grain refinement with the film now 
exhibiting a compressive stress state. This talk will address the competing 
influences of segregation and deposition temperature in grain growth 
behavior, texture evolution, and their influence on the microstructure-stress 
evolution connections. 

9:45am  A-3  Stress Development During Sputter-deposition of Low-

mobility Metal Films: Role of Grain Size and Growth Kinetics, J. Colin, 
Anny Michel (Anny.S.Michel@univ-poitiers.fr), A. Fillon, Institut Pprime, 
UPR 3346 CNRS-Université de Poitiers-ENSMA, France, K. Sarakinos, 
IFM-Material Physics, Linköping, Sweden, C. Jaouen, G. Abadias, Institut 
Pprime, UPR 3346 CNRS-Université de Poitiers-ENSMA, France 

The intrinsic stress of thin films has a major impact on functionality and 
reliability of devices and in-depth understanding and modeling is necessary 
to control this issue. Stress generation during growth is linked to the 
adopted growth mode and the type of deposited material rather than the 
employed deposition technique. In particular, as kinetic effects play a role 
in stress generation and relaxation, a key parameter is the atomic mobility 
of the deposited species. 

The high mobility class of materials benefits from a large amount of 
experimental data that has been proven useful in the validation of 
theoretical models and, especially, stress evolution before film continuity is 
reached is well documented. After a continuous film is obtained, the growth 

stress evolves towards a steady state of compressive stress for high mobility 
species; in contrast, experimental findings show that low mobility materials 
develop tensile stress under nonenergetic deposition conditions. 

The subject of interest in the present study is the latter category of low 
mobility species. In order to understand the interrelation between mobility 
and energetic aspects of the incoming flux, the microstructure of the 
deposited films and the growth stress in the steady state regime, a strategy 
was developed utilizing two refractory metals, namely Mo and Ta.  

Experimentally, the deposited energy, the growth rate and the in-plane grain 
size were systematically varied. Building on our previous studies, where the 
deposition of Mo1-xSix (0<x<0.18) solid solution results in in-plane grain 
sizes ranging from 20 nm to over 1µm, we use such layers as template 
layers for the growth of tantalum, with the double purpose of stabilization 
of the bcc a-Ta phase and the in-plane grain-size control. In-situ stress 
evolution was monitored using curvature measurements (kSA MOSS), and 
the overall strain-stress state of the films was obtained by ex-situ XRD 
measurements. 

The findings show the relationship between microstructural and growth 
kinetics on the determination of the steady state stress level; the 
compressive stress increases with growth rate but it varies inversely with 
grain size. These findings are consistent with a description based on a point-
defect generation due to the high energy deposition (“atomic peening”) and 
combined to defect elimination at the grain boundaries as well as at the 
surface of the film. This approach provided a rather complete set of 
experimental data, supporting a better understanding to the generation and 
elimination of defects during highly energetic deposition processes, thus 
giving useful insight as input to stress evolution models. 

10:00am  A-4  Insitu Stress Measurement of Thin Film and Multilayer 

Deposition, Johan Reinink (j.reinink@utwente.nl), R.W.E. van de Kruijs, 
F. Bijkerk, University of Twente, Netherlands 

The growth of thin films is often accompanied by a strain induced surface 
stress. This strain depends on the growth mode (e.g. amorphous, 
crystalline), and modifies the electrical, mechanical and optical properties 
of the thin film, down to atomic film thickness. 

We measure the stress development during deposition of Mo/Si based 
multilayers, used as optical coatings in EUV photolithography. We use a 
laser deflection based measurement setup. The measurements reveal the 
stress development of the crystallization of the Mo layer and the interface 
formation of Si on Mo in a real-time mode during growth. The effect of ion 
treatment of layers on stress is also investigated. Several deposition 
conditions are varied and barrier layers added to determine their influence. 
Measurement results show several possibilities of stress engineering. 

10:30am  A-6  A Comparative Study of Stress Evolution During Growth 

of Polycrystalline Thin Films Deposited by DCMS and HiPIMS, Felipe 

Cemin (felipe.cemin@u-psud.fr), D. Lundin, Université Paris-Sud, France, 
G. Abadias, Université de Poitiers, France, T. Minea, Université Paris-Sud, 
France 

The need to obtain metallic and ceramic thin films with controlled 
morphology, high crystalline quality and improved adhesion has promoted a 
continuous development of new strategies and methods for thin film 
deposition. High power impulse magnetron sputtering (HiPIMS) arises as a 
very interesting plasma-based deposition technology, which allows higher 
ionization fraction of the sputtered vapor compared to conventional 
techniques, such as direct current magnetron sputtering (DCMS). Numerous 
studies have demonstrated that these highly ionized sputtered materials lead 
to better control of the film properties through the application of a bias 
voltage to the substrate. However, the ionized material flux is also often 
responsible for increasing the intrinsic compressive stress of the deposited 
coating, which may cause the film to buckle or peel off. In spite of its 
enormous interest, very few systematic studies on stress evolution in 
HiPIMS exist, and in particular discussing the differences between DCMS 
and HiPIMS under similar process conditions.  

In this work, we therefore investigated the real-time stress evolution during 
growth of polycrystalline Cu, Ti and TiN thin films deposited by DCMS 
and HiPIMS. We also studied the influence of growth rate and bias voltage 
on the nucleation process, stress build-up and relaxation during growth 
interruption of such thin films. The in situ and real-time stress evolution 
was determined by measuring the substrate curvature during film growth 
using a multiple beam optical stress sensor. The findings were then 
correlated with post-growth thin film structural and morphological 
investigations. The results show that the bias voltage, and thereby the 
energy brought to the film by ionized species, plays an important role on the 
stress evolution, especially for thin films deposited by HiPIMS. 
Surprisingly, increasing the bias voltage up to -60 V led to a significant 
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decrease of the compressive stress magnitude in HiPIMS Cu films, which 
was related to an increase of the in-plane grain size. 

10:45am  A-7  Effect of Sputter Pressure on Stresses in As-deposited β-

Tantalum Thin Films, Elizabeth A. Ellis (eae49@cornell.edu), Cornell 
University, USA, M. Chmielus, University of Pittsburgh, USA, S. Baker, 
Cornell University, USA 

The metastable β phase of tantalum has been widely used since its 
discovery in 1965. For example, it is widely used in thin film resistors due 
to the exceptionally high value and low temperature sensitivity of its 
resistivity. We have recently completed a study of phase formation in Ta 
films and have identified conditions, including substrate cleanliness, gas 
purity (especially oxygen filtration), and sputtering parameters such as 
voltage and power, that allow us to deposit films in the beta phase over a 
wide range of sputter gas pressures. We find that though these films all all 
consist of 100% β-Ta, they vary widely in other aspects of film structure 
and properties, including texture, grain size and stresses. In particular, 
equal-biaxial in-plane stress changes from strongly compressive (-1360 
MPa at 0.3 Pa) to strongly tensile (1140 MPa at 2.2 Pa) as sputter pressure 
increases. By considering particle energetics as well as growth rate and 
diffusion, we are able to understand stresses in our films as a competition 
between compressive and tensile stress mechanisms, and also gain insight 
into other aspects of film structure. 

11:00am  A-8  Stress and Wear Analysis by FE Modeling, Tomi 

Suhonen (tomi.suhonen@vtt.fi), A. Laukkanen, H. Ronkainen, K. 
Holmberg, VTT Technical Research Centre, Finland INVITED 

Thin hard coatings, such as diamond-like carbon (DLC), are used to provide 
low friction and low wear in certain applications. One of the challenges is 
poor adhesion between DLC coatings and steel substrates. To solve this 
problem different kinds of adhesion layers are deposited between DLC and 
steel. In mechanical loading these adhesion layers affect the fracture and 
delamination processes.  

To understand the stresses and strains generated in multi-layered thin film 
coated systems and wear resistance a new finite element (FE) model was 
developed. This model explicitly incorporates surface roughness, 
topography, different microstructures as well as adhesive and cohesive 
behavior in coatings and at interfaces. Specific emphasis is placed in 
reproducing the coating to substrate adhesive region by modeling the bond 
layers and substrate microstructure in detail. Topographical features include 
three levels of surface roughness and orientations at 0°, 45° and 90° angles 
from grinding marks were used. The surface topography was characterized 
by the fractal, the texture aspect ratio and the texture direction signatures 
calculated using the variance orientation transform method. A damage 
mechanical approach is utilized to simulate initiation and growth of defects 
from the coating to substrate interface region. FE model was tested and 
validated by a single scratch test and a pin-on-disc test. The study showed 
that the topographical orientation and microstructure affect considerably 
stresses generated in DLC/steel vs DLC contacts. 

The modelling results explain why the coatings with lower surface 
roughness have better wear resistance in the contacts, considering the 
location and propensity of wear damage initiation at different scales of 
roughness topographies. The initiation of surface damage is quantified for 
surface design purposes by introducing a wear resistance FE model. 
Interaction mechanisms between the coating, bond layer and substrate and 
their respective microstructures are investigated with respect to design of 
improved adhesive properties and behavior. The FE model can be applied to 
estimate the coating lifetime before initiation of damage becomes likely for 
different surface loadings and topographies. Links to other characteristics, 
such as DLC coating and substrate properties as well as coating defect 
structure are also discussed. 

11:30am  A-10  Stress Relaxation in III-V Semiconductor Nanowires: 

Phase Segregation and Plastic Deformation, Mehrdad Arjmand 
(mehrdad.arjmand@gmail.com), I. Szlufarska, University of Wisconsin-
Madison, USA 

Semiconductor nanowires, grown heteroepitaxially, have many unique 
properties such as the possibility of lateral relaxation, high surface to 
volume ratio and lower strain energy as compared to heteroepitaxial thin 
films. Strain energy (and stress) in nanowire heterostructures can relax 
through different mechanisms. Phase segregation and plastic deformation 
are two of the important methods of stress relaxation in these 
heterostructures. Here we report results of phase field model on the role of 
strain in controlling surface induced phase segregation in III-V 
semiconductor nanowires. We also present a new analytical theory of strain 
relaxation in incoherent core-shell nanowires. Phase segregation was 
studied specifically in GaAsSb nanowires. We found that initially 
homogeneous nanowire phase segregates to GaAs and GaSb during 
annealing and this segregation starts at the surface of a nanowire. This 

phenomenon had been previously predicted theoretically and observed 
experimentally in other materials. Our simulations demonstrate that phase 
segregation can be almost entirely suppressed by a thick enough shell 
grown around the core. Our analytical model is able to predict not only the 
onset of plastic deformation, but also evolution of stress and strain fields 
beyond the yield regime. This is the first analytical study of elastoplastic 
strain and stress fields of heteroepitaxial core-shell nanowires. The 
analytical model was validated against finite element simulations. We 
discover that the radius of plastic region linearly depends on the core radius 
while it has a non-monotonic dependence on the shell thickness. When shell 
thickness is smaller than a critical value, the radius of plastic region 
increases with increasing thickness. After reaching a critical value, the 
radius of plastic region starts to decrease with increasing shell thickness. 

11:45am  A-11  Stress Management In The Heteroepitaxial Growth Of 

Aluminium Nitride Films, Frederic Mercier 
(frederic.mercier@simap.grenoble-inp.fr), CNRS, France, G. Giusti, 
Siltro'nix St, France, M. Chubarov, Université Grenoble Alpes, France, A. 
Crisci, S. Lay, CNRS, France, D. Pique, Siltro'nix St, France, R. Boichot, 
Université Grenoble Alpes, France, M. Pons, CNRS, France 

Aluminum nitride (AlN) is a promising material for deep UV LED (water 
purification, lighting), power electronics and for advanced piezoelectric 
applications like terahertz sensing and energy harvesting technologies. 
Currently, heteroepitaxial AlN films are generally grown on foreign 
substrates such as sapphire, silicon carbide or silicon. High temperature 
CVD (1200-1800 °C) from chlorinated precursors and ammonia, AlCl3/NH3 
diluted in N2 and H2, also called HVPE (Hydride Vapor Phase Epitaxy) is a 
common technique for heteroepitaxy allowing the control of the 
microstructure as a function of temperature, nature of the gas-phase and 
nature of the substrate. This approach is known for more than 50 years. 
However, growing AlN film with low dislocation density and without 
cracks remains challenging because of the high temperatures involved. In 
this paper we will present the possibility to control the stress in the 
heteroepitaxial growth of AlN through the introduction of multiple steps 
during growth and/or through the use of patterned substrates.  

We will demonstrate the influence of the process parameters and the pattern 
geometry on the resulting stress between the layer and the substrate arising 
from the lattice mismatch, island coalescence and difference of thermal 
expansion coefficients. A global approach involving crystal growth 
experiments, stress evaluation based on optical diagnostics, dislocation 
observation with electron microscopy and finite element analysis modeling 
will be presented to optimize the process conditions/pillar geometry in order 
to provide low dislocation and crack free AlN single crystal layers. 

12:00pm  A-12  Microstructure and Intrinsic Stress Evolution during 

Epitaxial Film Growth of an Ag0.93Al0.07 Solid Solution; Excessive 

Planar Faulting due to Quantum Confinement, David Flötotto 
(flototto@illinois.edu), Max Planck Institute for Intelligent Systems, 
Germany; present address: University of Illinois at Urbana-Champaign, 
Illinois, USA, Illinois, Z.M. Wang, Tianjin University, China, I.J. Markel, 
S.J.B. Kurz, Max Planck Institute for Intelligent Systems, Germany, E.J. 
Mittemeijer, Max Planck Institute for Intelligent Systems and University of 
Stuttgart, Germany 

The precise adjustment of the properties of epitaxial metal films requires a 
comprehensive understanding and control of the mechanisms underlying the 
microstructure evolution during thin film growth. The present study 
investigates the correlation of the microstructural development and the 
kinetics of film growth during deposition of binary Ag1-xAlx solid solutions 
(with x = 0, 0.03, 0.07 and 1) on a Si(111)-7x7 surface at 300K, and in 
particular, focus on their correlations with defect formation during the 
deposition of a ultrathin epitaxial Ag0.93Al0.07 film. By combining high-
resolution transmission electron microscopy, X-ray diffraction, scanning 
tunneling microscopy, and low energy electron diffraction it is shown that 
up to a film thickness of 6±2 nm, epitaxial Ag0.93Al0.07 film growth is 
characterized by the strikingly extensive formation of planar faults parallel 
to the film/substrate interface, while at larger thickness the film grows 
practically defect-free. As revealed by real-time in-situ stress 
measurements, the extensive formation of planar faults at the very initial 
stage of growth is not driven by the reduction of the system`s elastic strain 
energy, but is rather caused by a striking thickness-dependence of the 
stacking-fault energy owing to a quantum size effect of the ultrathin metal 
alloy film which causes a frequent succession of fcc and hcp stackings of 
close-packed layers during the initial stage of film growth. The extensive 
development of planar faults at the initial stage of film growth (< 6±2 nm), 
is associated with the occurrence of a high density of kinks and corners at 
surface ledges which strongly enhances the downward transport of adatoms 
from higher to lower terraces (interlayer mass transport) by a reduction of 
the effective diffusion barrier at the edge of surface steps and by increasing 
the driving force for adatoms to attach to the surface ledges. As a result, the 
epitaxial Ag0.93Al0.07 film initially grows in a 2D layer-by-layer type of 
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growth and thus establishes atomically smooth film surfaces. For the 
practically planar-fault-free growth at thicknesses beyond 6±2 nm, 
interlayer mass transport becomes distinctively limited, thereby inducing a 
transition from 2D to 3D type of film growth. 

12:15pm  A-13  Stress Evolution Mechanism of Metal-Doped Diamond-

Like Carbon Films from Ab Initio Calculations, Xiaowei Li 
(lixw@nimte.ac.cn), A. Wang, Ningbo Institute of Materials Technology 
and Engineering, CAS, China 

High residual stress in diamond-like carbon (DLC) films seriously 
deteriorates the adhesion between the film and the substrate, leading to the 
failure of the coated surface. Adding a third element into DLC films has 
been proved to be an effective way to reduce the residual stress. However, 
due to the limitation of experimental characterization, unfortunately, the 
fundamental mechanism of the effect of doped element on structure and 
properties of films from the atomic scale viewpoint is still lacked. 
Therefore, the systematical study on the correlation between microstructure 
and properties of Me-DLC films was performed by ab initio calculations to 
clarify the stress reduction mechanism. 

First, the electronic structure evolution of various doped metals and carbon 
systems was studied by ab initio calculations using the simplified 
tetrahedral structure model. It showed that the weak Me-C bond 
characteristics including bonding, nobonding, atibonding and ionic were 
observed, which decreased the strength and directionality of Me-C bonds 
resulting in the small total energy change upon bond angle distortion. Then, 
Ti, Cr, W, Cu and Al were further selected as the representative doped 
metals to generate the amorphous carbon models with different Me 
contents. It revealed that doping Ti, W or Cu into carbon matrix could relax 
both the distorted bond angles and bond lengths, whereas Cr or Al doping 
only relaxed the distorted bond lengths. So the reduced fraction of distorted 
bond structure and the formation of weak Me-C bond characteristics could 
account for the residual stress reduction. 

Then, our previous studies have shown that mono-doping metal into DLC 
films could reduce the high residual compressive stress, improving the 
adhesion strength between the films and substrate, but it usually also 
followed the deterioration of mechanical and tribological properties. On the 
basis of the complementary characteristics of different metal elements and 
computation advantage, different metal co-doped amorphous carbon 
structures were further designed using ab initio calculations and the primary 
study on the residual stress and structural evolution of the metal co-doped 
DLC systems was carried out by comparing with pure and mono-doped 
cases. Results indicated that compared with the mono-doped cases, the co-
doping of two kinds of metals into amorphous carbon matrix could not only 
further reduce the residual stress, but also retain the superior mechanical 
properties. This provides the theoretical guidance and new strategy to 
design and fabricate the nanostructured carbon materials with the excellent 
combination of mechanical and tribological properties. 
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Physical and Chemical Processes of Stress 

Development/Relaxation 

Room: Salon ABC - Session B 

Physical and Chemical Processes of Stress 

Development/Relaxation 

Moderator: Ivan Petrov, University of Illinois at Urbana-

Champaign, USA, Carina Höglund, European Spallation 

Source ERIC and Linköping University, Sweden 

2:30pm  B-1  Synchronized Metal Ion Irradiation as a Tool to Obtain 

Fully-dense and Stress-free Transition-metal Nitride Alloy Films at 

Very Low Growth Temperatures, Grzegorz Greczynski 
(grzgr@ifm.liu.se), J. Lu, Linköping University, Sweden, I. Petrov, 
University of Illinois at Urbana-Champaign, USA, J. Greene, University of 
Illinois at Urbana-Champaign, W. Kölker, S. Bolz, C. Schiffers, O. Lemmer, 
CemeCon, Germany, L. Hultman, Linköping University, Sweden INVITED 

Growth of thin films by means of physical vapor deposition (PVD) typically 
requires elevated substrate temperatures to ensure high adatom mobilities 
necessary for film densification. Continuous bombardment of the growing 
film surface with gas ions helps to eliminate porosity. However, at higher 
incident ion energies, necessary to obtain densification, a steep price is 
extracted in the form of residual ion-induced compressive stress resulting 
from both recoil implantation of surface atoms and trapping of rare-gas ions 
in the lattice.  

Here, we propose a new hybrid high-power pulsed/dc magnetron 
cosputtering (HIPIMS/DCMS) PVD method to grow dense, hard, and 
stress-free thin films at low temperatures (i.e., with no applied external 
heating) which relies on the time separation of metal- and gas-ion fluxes 
incident at the growing film surface during HIPIMS. Substrate bias Vs is 
applied synchronously with the metal-rich-plasma portion of the HIPIMS 
pulse which minimizes incorporation of rare-gas atoms responsible for 
compressive stress generation and gas bubble formation. A conventional 
DCMS mode provides continuous flux of sputter-ejected metal atoms to 
sustain a high deposition rate, while a high-mass target is driven by HIPIMS 
to serve as a pulsed source of energetic metal-ions to irradiate the growth 
surface and densify deposited layers through effective low-energy recoil 
generation and near-surface atomic mixing. The metal-ion mass is chosen 
such that the recoiled atoms have sufficient range to form dense layers, 
while the heavy metal atoms become incorporated on lattice sites, thus 
essentially eliminating residual compressive stress. The deposition rate is 
high (defined primarily by the DCMS rate), while the deposition 
temperature Ts is low (<120 °C) with no external heating. 

We have obtained very promising results using Ta+ metal-ion irradiation 
from a HIPIMS source during low temperature DCMS growth of dilute Ti1-

xTaxN alloy layers (x = 0.08). [1] As a result of heavy-metal-ion 
bombardment, inter- and intra-columnar porosity, typical of refractory 
ceramic thin film growth at low Ts is eliminated due to effective near-
surface atomic mixing. With Vs = 160 V synchronized to the Ta+ portions of 
the HIPIMS pulses, film hardness and elastic modulus are 330 and 200% 
higher, respectively, than corresponding values for reference DCMS TiN 
layers, while the residual stress remains low. This novel approach expands 
the PVD process envelope to allow the use of temperature-sensitive 
substrates, including plastics. 

 

[1] G. Greczynski, J. Lu, I. Petrov, J.E. Greene, S. Bolz, W. Kölker, Ch. 
Schiffers, O. Lemmer and L. Hultman, J. Vac. Sci. Technol. A 32 (2014) 
041515 

3:00pm  B-3  Stress-Design in TiAlTaN/AlCrN-Multilayer Coatings, 
Wolfgang Seidl (wolfgang.seidl@tuwien.ac.at), CDL - Application 
Oriented Coating Development, TU Wien, Austria, M. Bartosik, TU Wien, 
Austria, M. Arndt, Oerlikon Balzers, Oerlikon Surface Solutions AG, 
Liechtenstein, S. Kolozsvári, Plansee Composites Materials GmbH, 
Germany, P.H. Mayrhofer, CDL - Application Oriented Coating 
Development TU Wien, Austria 

The build-up of residual stresses in physical vapour deposited coatings is a 
major concern for application oriented coating development, because they 
are a main reason for delamination and formation of cracks. Furthermore, 
residual stresses, which scale up as thickness increases, impedes the growth 
of thick coating. With increasing stresses, the interface region is 
increasingly stressed and weakened, promoting delamination and buckling 
effects. Therefore, the possibility to predict the amount of stresses in a 

coating and, subsequently, the purposeful manipulation of the residual stress 
state is of exceptional importance.  

In this work, we are analysing the properties of two monolithic systems and 
the influence of bias potential and other coating parameters on the residual 
stress state of the coatings. These coatings are TiAlTaN and AlCrN, which 
are well known for their thermos-mechanical properties and their oxidation 
resistance, respectively. With this knowledge, various possibilities to 
combine the monolithic TiAlTaN and AlCrN in multilayer arrangements are 
investigated. These multilayer arrangements differ regarding their bilayer 
period, the frequency and manner of bias changes during the coating 
process, substrate rotation, and the positioning of the used targets. The 
combination and variation of these parameters allows to adjust the stress 
states in the multilayer coatings. 

The individual coatings and multilayers are additionally investigated with 
respect to growth morphology (by cross sectional scanning electron 
microscopy and transmission electron microscopy), hardness and 
indentation moduli (by nanoindentation), structure and crystallographic 
phases (by X-ray diffraction). 

3:15pm  B-4  Controlling Residual Stress of Hard Coatings through 

Filament Assisted Magnetron Sputtering for Thick Coating 

Depositions, Jianliang Lin (jlin@swri.org), R. Wei, K. Coulter, Southwest 
Research Institute, USA 

Thick coatings deposited by magnetron sputtering is desired for providing 
long-term durability and reliability for many industrial applications. The 
obtainable thickness of hard coatings is related to the residual stress in the 
coatings and the adhesion strength at the coating/substrate interface, which 
are strongly affected by the deposition technique and plasma conditions. 
Plasma enhanced magnetron sputtering (PEMS) is an improved version of 
the conventional DC magnetron sputtering (DCMS) by introducing an extra 
global plasma generated by an electron source, e.g. hot filaments, to 
enhance the ionization. Thick (e.g. above 20 mm) and ultra-thick (e.g. up to 
500 mm) nitride coatings have been readily prepared using PEMS. 
However, the role of filament assistance in varying the ion energy and ion 
flux in PEMS remains unclear. In this study, time averaged ion energy 
distributions of the plasmas generated by different sputtering techniques 
with and without filament assistance have been studied using an energy 
quadrupole plasma analyzer (EQP) for TiSiCN coating depositions. These 
sputtering techniques include DCMS, middle frequency pulsed dc 
magnetron sputtering (PDCMS) and deep oscillation magnetron sputtering 
(DOMS) (one version of the high power impulse magnetron sputtering 
(HiPIMS)). The filament assistance dramatically increased low energy gas 
and target ions (0-10 eV) for DCMS and DOMS, while the wide ion energy 
distributions of the PDCMS plasma gradually moved towards low ion 
energies in the range of 0-15 eV. These plasma characteristics have been 
correlated to the residual stresses and adhesion of thick TiSiCN coatings 
produced under similar plasma conditions. The low energy ion flux 
bombardment and elevated substrate temperature generated by the filament 
assistance are favorable for low stress, dense, and thick coating growth. 

3:30pm  B-5  Effect of Titanium's Allotropic Phase Transformation on 

Growth Stresses in Titanium/Niobium Multilayers, L. Wan, X.X. Yu, 
Gregory Thompson (gthompson@eng.ua.edu), University of Alabama, 
USA 

Ti undergoes an allotropic phase transformation from alpha-HCP to beta-
BCC at temperatures near 880 deg. C. However, when Ti is grown as a thin 
film on various BCC substrates, the beta Ti phase can be stabilized at 
standard conditions. Using in situ stress monitoring, the phase stability of 
this BCC to HCP Ti transformation is quantified as Ti grows on the surface 
of a Nb substrate. It was found that Ti exhibits a slightly tensile stress up to 
2 nm whereupon the stress reverts to a compressive growth condition. This 
transition was found to coincide with a BCC to HCP Ti stabilization. 
Regardless of the Ti phase, Nb exhibited a significant compressive stress 
state upon its growth. Using a molecular dynamics deposition model, we 
provide a comparison to these experiments and determine how the change 
in lattice constants between the phases appears to control the stress state of 
the film. Our model also shows good agreement with the experimental 
growth stress evolution of the Ti/Nb multilayer. Regardless of the phase 
change, the collective multilayer film does not show a change in the 
compressive stress trend, with thinner bilayers making the film more 
compressive. We have provided atom probe tomography characterization 
which revealed significant intermixing that stabilized the Ti phase up to 2 
nm, as compared to 1 nm if no intermixing was present. This brought the 
phase stability and growth stress evolution into agreement.  
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3:45pm  B-6  Simultaneous Real-time Observation of Stress 

Development, Thin Film Growth, and Crystal Formation during 

Backward-Crystallization of Sputter-Deposited MoSi Alloys, Bärbel 

Krause (baerbel.krause@kit.edu), KIT, Germany, G. Abadias, A. Michel, 
Université de Poitiers, France, T. Baumbach, KIT, Germany 

The deposition of metal layers on silicon is crucial for different aspects of 
the Si-based semiconductor industry, including the silicide formation for 
CMOS devices, but also the multilayer mirrors used in EUV lithography or 
X-ray optics. The performance of these devices is often limited by the built-
up of stress, which can shift electronic transitions, and might even lead to 
delamination of the films. 

For molybdenum, a very interesting behavior was found. Below a critical 
thickness, an amorphous Mo layer formed on top of a MoSi2 interface layer, 
while for thicker layers the metal film was crystalline over its entire 
thickness [1]. In the case of MoSi alloys, the critical thickness for the 
amorphous-to-crystalline transition can be controlled by the Si content [2]. 
Real-time approaches such as in situ stress measurements and ellipsometry 
evidenced the transition, but its nature could only indirectly be related to the 
microstructure of the coatings.  

The here presented in situ experiments performed at the MPI beamline of 
the synchrotron radiation source ANKA (Karlsruhe) overcome this 
problem. Three in situ methods were combined simultaneously during 
magnetron sputtering co-deposition of MoSi: multiple-beam optical stress 
measurements (MOSS), X-ray reflectivity (XRR), and X-ray diffraction 
(XRD) measurements. This unique methodology allows to directly link the 
stress development [1], and the time-dependent film thickness and 
roughness development [3], with the crystal formation.  

Using the example of MoSi, we will demonstrate that the combination of 
real-time XRR, XRD, and MOSS is a powerful tool for the development 
and control of thin film and multilayer systems. 

[1] S. Bajt, D. G. Stearns, and P. A. Kearney, J. Appl. Phys. 90 (2001), 
1017 

[2] A. Fillon, G. Abadias, A. Michel et al., PRL 104 (2010), 096101 

[3] M. Kaufholz, B. Krause, S. Kotapati et al, J. Synchrotron Rad. 22 
(2015), 76 

4:15pm  B-8  Quantifying Stress in Nanoelectronics Using X-ray 

Diffraction, Conal E. Murray (conal@us.ibm.com), IBM T.J. Watson 
Research Center, USA INVITED 

As the demands of high-performance computing technology require 
increasingly smaller dimensions and greater device density, new types of 
designs and materials must be incorporated. One such aspect involves the 
piezoresistive response of strained semiconductor structures, in which 
mobility can be tailored by imparting the appropriate strain within the 
regions of current flow. Because stressor structures often generate 
heterogeneous stress distributions throughout the active silicon, electrical 
measurements alone are insufficient to describe the mechanical response of 
the device. The interaction between devices and their environment 
necessitates in-situ characterization at a submicron resolution. Synchrotron-
based x-ray microbeam diffraction provides us with the ability to directly 
map deformation within crystalline materials non-destructively. Examples 
of strain generated within silicon-on-insulator regions and heteroepitaxial 
features will be presented that compare the efficacy of different stressor 
schemes and illustrate the extent over which the corresponding stress fields 
can propagate. 

4:45pm  B-10  Stress Evolution during Texture Transformation in Ag 

Thin Films, S. Baker, R. King, Nathaniel Rogers (ngr27@cornell.edu), 
Cornell University, USA 

A disruptive texture transformation is well known in thin FCC metal films. 
As-deposited films often form with (111) fiber texture regardless of 
thickness. But upon annealing, thicker films transform to (100) by an 
abnormal grain growth process. The transformation has been said to arise 
from a balance between strain energy (favors 100) and interface energy 
(favors 111) and a typical model assumes that stresses change by the ratio 
of the biaxial moduli during transformation; that is, by factor of 2-3 for 
typical films. But recent work shows that neither film stress nor interface 
energy drives the transformation. Films transform even when the stress is 
zero and the transformation has been shown to be insensitive to interface 
conditions. Elsewhere, we have shown that the transformation is driven by a 
reduction in defect energy. Here we consider the changes in stress induced 
by the texture transformation. Stresses, final grain morphology, and textures 
are found to be very sensitive to film thickness, interface conditions, and 
heating rate. We model thermal strains, strains due to grain growth, and 
changes in stress due to orientation changes to determine plastic strains. 
Predicted stresses are quite large. Stress changes associated with texture 
transformations vary widely and can be significant, but are not consistent 

with known models for structure evolution and plasticity. Possible 
mechanisms will be discussed. 

5:00pm  B-11  Effect of Stress and Nano-Confinement on the Thermal 

Stability of Cu/W Multilayers, Claudia Cancellieri 
(claudia.cancellieri@empa.ch), F. Moszner, M. Chiodi, S. Yoon, EMPA, 
Switzerland, D. Ariosa, Instituto de Fisica, Universidad de la República, 
Uruguay, J. Janczak-Rush, L. Jeurgens, EMPA, Switzerland 

Nano-MultiLayers (NMLs), as constituted of alternating nanolayers 
(thickness < 20 nm) of two or more dissimilar materials, possess unique 
electronic, magnetic, optical and/or mechanical properties and are therefore 
highly attractive both from a scientific and technological point of view. Due 
to the very high density of internal interfaces [1], NML microstructures are 
intrinsically thermodynamically unstable towards elevated temperatures. 
Furthermore, the thermal expansion mismatch between the alternating 
nanolayers and the substrate can impose huge thermal stresses during 
heating which, if relaxed by plastic deformation, can also cause a 
degradation of the nano-laminated structure upon heating. 

In this work, we report on the delicate interplay between the (residual) 
stresses, texture, grain size and epitaxy in Cu/ W NML upon thermal 
treatment at different temperatures in a controlled atmosphere. Alternating 
nanolayers of Cu and W with individual thicknesses varied between 5-20 
nm were prepared by magnetron sputter deposition on an R-Al2O3 substrate. 
The thermal stability of Cu/W nano-multilayers in the temperature range of 
400°C-800 °C has been investigated by different techniques including high-
resolution scanning electron microcopy, X-ray photoelectron spectroscopy 
and X-ray diffraction [2]. It follows that the individual layer thickness and 
(in-plane and out-of-plane) textures in the as-deposited state have a 
pronounced effect on the thermal stress evolution of the individual Cu and 
W nanolayers upon thermal annealing; i.e. the accumulated thermal stresses 
in the individual Cu and W nanolayers are superimposed on the intrinsic 
growth stresses and become relaxed at around T~750°C, which coincides 
with the thermal activation of W migration along internal interfaces (i.e. 
phase and grain boundaries).  

[1] L.P.H. Jeurgens, Z.M.Wang, E.J. Mittemeijer, Int. J. Mat. Res. 100 
1281-1307 (2009). 

[2] F. Moszner, C. Cancellieri, M. Chiodi, S. Yoon, D. Ariosa, J. Janczak-
Rusch, L.P.H. Jeurgens Acta Materialia 107 345-353 (2016). 

5:15pm  B-12  Thin Film Stress Evaluation using Optical Deflection 

Technique and its Application in Measuring Water Diffusion 

Coefficient, Varkey Purathur (varkey.purathur@tohotechnology.com), 
Toho Technology Inc., USA 

Atmospheric humidity has an impact on performance of different thin film 
materials. One of the direct effect of humidity is the diffusion of water 
molecules into a thin film which produces volume changes in the film 
which in turn causes changes in the surface stress when the film is fixed on 
a thicker substrate. The presentation focuses on the methodology of 
studying the water absorption and desorption into thin film as quantified by 
changes in the stress levels in the material. The ultimate objective of this 
method is to measure the diffusion coefficient of water for the thin film 
material under consideration. 

The basic set up for the experiment involves making measurements of the 
samples under different conditions of dry inert gas, dry regular air and 
constant relative humidity and measuring stress as a function of time. The 
stress measurement is based on Stoney's equation, where the change is 
radius of curvature of the sample is measured optically using a light source 
to calculate the change in stress. Assumption are made regarding Fickian 
diffusion in the material and constant diffusion. It is also assumed that the 
total stress change is proportional to the total water intake and loss of the 
film. Materials tested in this experiment includes biological tissue (stratum 
corneum of skin) on glass and spin on glass film on silicon. Diffusion 
coefficient reading obtained by this techniques matches very well with 
published ranges for the materials concerned. 

References  

[1] Y. Sakai, Y. Sadaoka, and M. Matsuguchi, “Humidity sensors based on 
polymer thin films,” Sensors Actuators B Chem., vol. 35, no. 1–3, pp. 85–
90, Sep. 1996. 

[2] R. Vyumvuhore, A. Tfayli, K. Biniek, H. Duplan, A. Delalleau, M. 
Manfait, R. Dauskardt, and A. Baillet-Guffroy, “Skin hydration and 
mechanical stress mechanism: molecular aspects of the lipid barrier state 
and protein structure,” 2013.  

[3] K. S. Wu, W. W. van Osdol, and R. H. Dauskardt, “Mechanical 
properties of human stratum corneum: Effects of temperature, hydration, 
and chemical treatment,” Biomaterials, vol. 27, no. 5, pp. 785–795, Feb. 
2006.  
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[4] K. Biniek, R. Vyumvuhore, A. Tfayli, H. Duplan, A. Delalleau, A. 
Baillet-Guffroy, and R. H. Dauskardt, “Diffusion of Water through the 
Stratum Corneum Influences Drying Stresses and Skin Damage,” In 
submission, 2014.  

[5] P. F. Carcia, R. S. McLean, M. H. Reilly, M. D. Groner, and S. M. 
George, “Ca test of Al[sub 2]O[sub 3] gas diffusion barriers grown by 
atomic layer deposition on polymers,” Appl. Phys. Lett., vol. 89, no. 3, p. 
031915, 2006. 
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Keynote Lecture 2 

Room: Salon ABC - Session KL2 

8:30am  KL2-1  No-stress Evaluation of Stress in Coatings: Available 

Methods and the Understanding of What they Do Measure, E. 
Bemporad, Marco Sebastiani (marco.sebastiani@uniroma3.it), Roma TRE 
University, Italy INVITED 

Engineered materials are often and often a combination of atoms with very 
different basic properties. They can be obtained joining several phases 
belonging to different material systems, with a domain volume ranging 
from the microstructure down to the nanoscale. So there are many interfaces 
within the whole volume of a finite component made of an engineered 
material. 

Different elastic properties in different directions of such heterogeneous 
systems can create strong stresses at the interfaces under an external applied 
load: if not controlled, being among the most important cause of failure, 
both structural and functional. Very often, most of the engineered materials 
are far away from thermodynamic equilibrium, or they are obtained with 
various thermo-mechanical transformations that may leave residual stress 
states. Know the amount of residual stress a certain process can induce in a 
component, that is made in a certain shape and with a certain engineered 
material, is clearly paramount to assess the expected lifetime once in 
operation. This is also valid for coatings. 

Stresses can be estimate by measuring strains. There are several techniques 
that allows evaluating the residual stress, by measuring strain. Some of 
them probe large reference volumes (mm3), other probe smaller volumes 
(um3); some of them are direction-sensitive whilst other are direction-
insensitive. Obviously, they will give you different estimations of the stress, 
also depending on the constitutive law that is used to link the measured 
strain to the evaluated stress. This is why is quite important to understand 
what you are measuring and where, and what you are trying to infer from 
the experimental measurements. 

In this talk we give a brief overview of some conventional techniques used 
to evaluate the residual stress by means of XrD techniques and deformation 
measurements (Hole drilling, Stoney formula), giving some caveat and 
limitation on their use. Then, we present the recent advances in the field of 
sub-micron scale residual stress assessment by the use of focused ion beam 
(FIB)-controlled material removal techniques (European project ISTRESS, 
grant agreement n. 604646). This two-step method consists of incremental 
FIB ring-core milling combined with high-resolution in-situ SEM-FEG 
imaging of the relaxing surface and a full field strain analysis by digital 
image correlation (DIC). 

Practical applications of the method on (i) thin films, (ii) microelectronics 
devices and (iii) polycrystalline and amorphous bulk materials will be 
described and discussed, showing advantages and limitations. 
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Stress Evaluation Methods 

Room: Salon ABC - Session C 

Stress Evaluation Methods 

Moderator: Ludvik Martinu, Polytechnique Montreal, 

Canada, Eric Chason, Brown University, USA 

9:15am  C-1  Evaluation of Stress in Thin Films by Two-dimensional X-

ray Diffraction, Bob He (bob.he@bruker.com), Bruker AXS, USA 

This presentation covers the recent progress in two-dimensional X-ray 
diffraction as well as its applications on stress evaluation in thin films. 
Measurement of residual stresses in thin films by X-ray diffraction is 
always a challenging task due to weak diffraction signals from the limited 
diffraction volume, sharp stress gradient, preferred orientation, anisotropic 
grain shape and the inhomogeneous phase and microstructure distribution. 
Two-dimensional X-ray diffraction has many advantages over the 
conventional method for stress measurement on thin film samples. Since the 
whole or a part of the diffraction (Debye) rings are used for stress 
calculation, two-dimensional X-ray diffraction can measure stress with high 
sensitivity, high speed and high accuracy. With two-dimensional x-ray 
diffraction, stress evaluation is based on a direct relationship between the 
stress tensor and diffraction cone distortion. The diffraction vectors cover 
more directions at each measurement and the diffraction vectors do not have 
to be distributed along a longitudinal direction, as is required for the 
conventional sin2ψ method. In principle, data with diffraction vectors 
distributed in any direction can be used for stress calculation. This makes it 
possible to measure a set of diffraction data all at the same or within a small 
range of incident angles. Therefore, the depth of x-ray penetration can be 
controlled to reach certain layer of the thin film or substrate. The stress 
gradient can be measured by measuring stresses at various incident angles. 
Either low or high 2θ angle peaks may be used for stress measurement with 
a low incident angle. With proper Φ rotation, the diffraction vectors can 
have a good angular coverage so the stress tensor can be evaluated. Since 
several diffraction rings at various 2θ angles can be measured 
simultaneously, multiple rings can be used to evaluate the stress with better 
statistics. The diffraction rings from both the film and substrate may be 
measured simultaneously or with different incident angles, so that the 
stresses in the film and substrate can be evaluated with the same 
experiment. The structure information, such as grain size and preferred 
orientation, can be observed directly on the two-dimensional diffraction 
image. Experimental examples of stress and structure evaluation on thin 
films and multilayer materials are presented. 

9:30am  C-2  Numerical and Experimental Analysis of Coating Stresses 

Developed during Tensile Testing of Coated Systems, Roberto Souza 
(robertosouza@usp.br), G. Francisco, V. Campos, F Silva, N. Fukumasu, 
University of São Paulo, Brazil 

The tensile test is one of the techniques used to characterize the mechanical 
behavior of coated systems. During these tests, the gradual increase of the 
tensile load results in progressive damage of the system. For given sets of 
overall properties, damage evolves as a mixture of cracks that propagate in 
the coating (cohesive) and cracks propagating along the coating/substrate 
interface (adhesive). The literature presents several analyses on the 
evolution of the stresses during these tensile tests, which frequently take 
into account the residual stresses developed during coating processing. 
Based on these analyses, one can infer the stress distribution in the system, 
for example, the stresses along the surface at the portion located between 
two cohesive coating cracks. In this work, tensile tests were conducted in 
coated systems composed of titanium nitride (TiN) films, deposited by 
sputtering, and ductile substrates. The tests were reproduced numerically by 
means of simulations using the finite element method (FEM), which 
provided the evolution of the stresses in the system during the entire loading 
and unloading cycle. In parallel, the stress distribution at given regions of 
the film surface was analyzed, after the tensile tests, by means of 
instrumented indentation (nanoindentation), providing results that are 
comparable with those calculated by FEM. Results allowed studying the 
ability of the experimental technique in calculating film stresses, as well as 
some of the characteristics of the film before the tensile tests. 

9:45am  C-3  Stress Evolution in High-temperature Oxidation Resistant 

Mo1-x-ySixBy/Ti1-xAlxN Multilayer Coatings, Elias Aschauer 
(elias.aschauer@tuwien.ac.at), M. Bartosik, TU Wien, Austria, S. 
Kolozsvári, Plansee Composites Materials GmbH, Germany, H. Bolvardi, 
Oerlikon Surface Solutions AG, Liechtenstein, H. Riedl, P.H. Mayrhofer, 
TU Wien, Austria 

High temperature and oxidative environments lead to severe stress-changes 
and formation in various kind of materials. At elevated temperatures, the 
kinetics of diffusion processes are enhanced which in turn leads to increased 
attacks through oxygen containing atmospheres. In general, a material 
breakdown through oxidation depicts a complex mixture of different 
mechanisms, especially in coating materials. Nevertheless, the formation of 
an oxide scale on top is a key-factor during oxidation. A major failure 
mechanism is the delamination of these protective oxide scales through the 
formation of new phases and hence induced stresses.  

To gain a deeper understanding on the evolution of stress and strain during 
oxidation processes, we present within this study an innovative approach for 
multilayered coatings. Within the coating architecture, Ti1-xAlxN provides 
its well-known superior thermomechanical properties and Mo1-x-ySixBy its 
outstanding oxidation resistance – as one of the new high-temperature 
structure materials. 

The residual stresses of single and multilayered Mo1-x-ySixBy/Ti1-xAlxN 
coatings are evaluated by nano-beam X-ray diffraction after various 
thermal treatments up to 1600 °C. To investigate the effects of phase 
formations, which are only driven by enhanced temperatures, the stress 
states are also analyzed on vacuum annealed coatings. In addition, the 
multilayer arrangement is validated for the effects of the individual layer 
thickness (bilayer variation from 20 to 800 nm) as well as number of 
interfaces on the residual stresses. These results are correlated with the 
distinct coating characteristics such as hardness, structure and morphology, 
thermal stability and the obtained oxidation resistance. 

10:00am  C-4  X-ray Diffraction Study of Residual Stresses in Highly 

Oriented Thin Films, Radomir Kuzel (kuzel@karlov.mff.cuni.cz), Charles 
University in Prague, Czech Republic, J. Bursik, R. Uhrecky, Institute of 
Inorganic Chemistry, Academy of Sciences of the Czech Republic, J. Cizek, 
Charles University in Prague, Czech Republic, M. Novotny, Institute of 
Physics, Academy of Sciences of the Czech Republic 

X-ray diffraction study of stresses and strains in highly oriented thin films 
can be problematic, in particular for non-cubic materials. Studies were 
performed for two kinds of materials with hexagonal and trigonal crystal 
structures – ZnO films of different thickness prepared on several substrates 
by pulsed laser deposition and a system of ferrite films prepared through the 
chemical solution deposition method on SrTiO3(111) substrates . In this 
system, the substrate is covered with a seed magnetoplumbite (M-Type) 
hexagonal film in order to grow well-oriented top Ba2Zn2Fe12O22 (Y-type) 
ferrite. Several hexagonal seed layers were tested.  

X-ray diffraction analysis based on measurements in parallel beam setup 
with polycapillary and Eulerian cradle was concentrated on the precise 
determination of lattice parameters, studies of preferred orientation by 
symmetric and asymmetric scans (w and j) and studies of possible stresses 
for all the layers. The above hexagonal or trigonal films had strong out-of-
plane orientations with the (000l) planes parallel to the surface and most of 
them also significant in-plane orientation (local epitaxy) as it was proved by 
the j-scans (rotation on the perpendicular to the sample surface at 
asymmetric position). In this case, conventional sin2y method cannot be 
directly applied and the so-call crystallite group method could be used. This 
is quite simple method for cubic materials with fiber texture. However, for 
hexagonal materials correct reference values of lattice parameters are 
required because of uncertainity of c/a ratio e.g. due to possible non-
stoichiometry. These can be obtained either for identically prepared 
powders or if this is not easy by the data analysis of database values, e.g. 
from Powder Diffraction File (PDF4+). Such analysis is required because a 
number of different lattice parameters values can be found there for a single 
phase. Then the stresses can be obtained by combination of several 
reflections measured at appropriate inclinations j and y according to the film 
orientation. Corresponding line profiles can also be used for the analysis of 
XRD line broadening giving microstrains and/or crystallite size. This was 
carried out for ZnO films for which also very high and different stresses 
dependent on the substrate were found and reciprocal space mapping was 
performed for selected reflections. In the second system of the films, 
residual stresses were found in seed layers while only small stresses were 
detected in Y-ferrite films which were grown with perfect in-plane 
orientation on a suitable seed layer. 
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10:30am  C-6  Cross-Sectional Synchrotron X-ray Nanodiffraction 

Analysis of Microstructure and Stress Gradients in Thin Films, Jozef 

Keckes (jozef.keckes@gmail.com), Montanuniversität Leoben, Austria 
 INVITED 

Thin films exhibit depth gradients of stress, crystallographic texture, 
crystallite size and mechanical properties. Those gradients are usually 
caused (i) by a dedicated variation of the deposition conditions during thin 
film growth, (ii) by a self-organization phenomena like grain coalescence or 
columnar growth and (iii) by nonhomogeneous mechanical or thermal loads 
during film service. Currently, it is not trivial to characterize those gradients 
and reveal their correlation to macroscopic thin film functional properties. 
Introduced in 2012, cross-sectional synchrotron X-ray nanodiffraction, 
using monochromatic point and pencil X-ray beams with diameter or 
thickness down to 30 nm, provides representative depth-resolved data on 
the evolution of phases, microstructure and the first-order stresses across 
thin film cross-sections. The aim of this contribution is to present recent 
achievements from experiments at beamline ID13 of ESRF and beamline 
P03 of PETRA III. On the examples of hard nitride (CrN, TiN, TiAlN), 
diamond, and metallic thin films (W, Cu) it will be demonstrated that the 
new approach can serve as an effective tool to characterize the 
inhomogeneous properties of as-deposited and thermally cycled thin films. 

The observed gradients can be correlated with the varying film deposition 
conditions, providing an opportunity to optimize the material synthesis 
process. Additionally, results from strain and microstructure 
characterization (i) in in-situ indented TiN and (ii) in multilayered CrN-Cr 
thin films after wedge indentation will be shown to demonstrate the 
correlation between the present structural gradients and measured load-
displacement curves. For a nanocrystalline TiAlN thin film, the 
comprehensive characterization of cross-sectional structure-property 
relationships will be used to analyze the correlation between sub-micron 
depth variations of fracture stresses, hardness and elastic moduli on one 
side, and phases, crystallite sizes, crystallographic texture, Ti/Al ratio and 
residual strain on the other side. Finally, the cross-sectional approach will 
be used to indicate the possibility of functional optimization of thin films 
through cross-sectional design. 

This work was supported by the EU Project iSTRESS. 

11:00am  C-8  Continuous Stress And Strain Monitoring During 

Electroless Copper Deposition, Tanu Sharma (tsharma@mta.ca), R. 
Bruening, D. Brown, A. Landry, Mount Allison University, Canada, T. 
Bernhard, F. Bruening, ATOTECH, Germany 

In printed circuit board (PCB) industry, an electroless copper layer (<1 
micrometer) provides the conducting layer on insulating substrates that is 
needed for further galvanic copper deposition. Low to moderate tensile 
stress ensures good film-substrate adhesion. whereas films with 
compressive stress may delaminate from the substrate. The stress/strain 
changes continuously during plating and frequently also after film 
deposition. We have adapted two complementary techniques to evaluate in-
situ strain and stress during electroless deposition. For substrate materials 
used in electronics manufacturing, such as polyimide and glass/resin 
composite prepregs, average film stress is monitored with the substrate 
bending. In-situ strain is monitored with the sin2psi X-ray diffraction 
technique. Results obtained with these methods will be compared and 
discussed for various combinations of plating baths and substrates. 

11:15am  C-9  Multi-Axial Stress Distributions Revealed by Ex-situ and 

In-situ X-Ray Nanodiffraction on Indented Monolithic and 

Multilayered Thin Films, Juraj Todt (juraj.todt@unileoben.ac.at), 
Montanuniversität Leoben, Austria, C. Krywka, M. Müller, Helmholtz 
Zentrum Geesthacht, Germany, M. Burghammer, European Synchrotron 
Radiation Facility, France, J. Keckes, Montanuniversität Leoben, Austria 

Indentation load-versus-depth response depends on near-surface material 
microstructure and residual stress gradients. So far, this subject has mostly 
been addressed by numerical studies, as current measurement techniques are 
often inadequate and thus experimental validation of indentation 
experiments has proved difficult. With the recent development of scanning 
cross-sectional X-ray nanodiffraction at synchrotrons, however, it has 
become possible to measure complete multi-axial stress maps in small 
features either (i) ex-situ after mechanical loading or (ii) in-situ under 
mechanical load. Two studies will be presented, each corresponding to one 
of these cases: 

(i) A CrN/Cr multilayered coating that was indented in a SEM and 
characterized ex-situ at the nano-probe beamline ID13 of the ESRF 
synchrotron, revealing two-dimensional maps of residual stresses. 

(ii) A monolithic TiN coating indented in-situ at the nano-focus beamline 
P03 of the PETRA III synchrotron, revealing multi-axial stress maps at 
various indentation stages. 

For the in-situ study a dedicated experimental setup was developed in 
cooperation with Helmholtz Zentrum Geesthacht who operate the beamline 
P03 at PETRA III. In both studies, a cross-sectional sample slice was placed 
in a synchrotron X-ray beam with a diameter in the range of 100 nm and 2D 
powder diffraction patterns were recorded in transmission while the 
indented region was scanned across the X-ray beam. Using a new analytical 
model relating the deformation of Debye-Scherrer diffraction rings to a 
multi-axial stress state, distinct stress components were fitted to the 
measured data. The obtained stress maps have sub-micron spatial 
resolution, as this is mainly dependent on the beam diameter. 

For the multilayered CrN/Cr sample it was possible to identify a stress 
shielding effect originating from the ductile Cr sublayers and for the 
monolithic TiN sample, the terminal crack pattern after loading up to 
rupture could be related to various critical stress concentrations originating 
from different stress tensor components. 

This new pioneering approach demonstrates the possibility to link the 
microscopic material properties of small features with underlying nano-
scaled deformation processes. This promises interesting insights, especially 
for microstructurally complex cases like integrated circuits and hierarchical 
biological materials, but also highly optimized hard coatings. 

11:30am  C-10  A Novel Device for the In-Situ Measurement of the 

Mechanical Stress in Thin-Films, David Broadway 
(david.m.broadway@nasa.gov), NASA Marshall Space Flight Center 

We introduce a unique optical wafer curvature measurement method for the 
determination of the in-situ stress in thin-films during growth and annealing 
processes. The method utilizes a high-resolution (i.e. 5 nm) fiber optic 
sensor to record the evolving out-of-plane displacement of the opposing 
coated surface of a double side polished substrate. The measured 
displacement is then geometrically related to the substrate’s curvature and 
combined with the film’s known deposition rate to calculate the film stress 
using the Stoney equation. Since the fiber optic is vacuum compatible, 
external optical access to the substrate (such as through viewports) is not 
required as with other wafer curvature methods. This enables the device to 
be adapted to any existing deposition geometry—hence, promoting broader 
use. We further demonstrate the device’s capability to resolve the intrinsic 
and thermal components of stress during processes in which the substrate’s 
temperature is changing. Finally, with the aid of in-situ measurement, we 
demonstrate a method for reducing the stress in sputtered iridium thin-films 
by three orders of magnitude. 
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Stress Fundamentals and Modeling 

Room: Salon DEF - Session AP 

Session A Poster 

AP-1  Growth of strained thin film heterostructures in sub-micron 

patterned substrates: an elastoplastic phase field model, Mehrdad 

Arjmand (mehrdad.arjmand@gmail.com), I. Szlufarska, University of 
Wisconsin-Madison, USA 

Lattice mismatch between the film and the substrate builds up stress in the 
structure that leads to increase of strain energy. Morphology evolution 
(formation of islands) and plastic deformation due to formation of 
dislocations are two mechanisms that can relax the energy during such 
growth. We have developed an elastoplastic phase field model that 
considers both these relaxation mechanisms to study the effect of lateral 
confinements on growth of heteroepitaxial thin films. The governing 
equations used in this model can be categorized in two groups. First, the 
evolution equation, which is a fourth order partial differential equation 
known as Cahn-Hilliard. Second, the elastoplastic governing equation, 
which consists of equilibrium, constitutive and compatibility equations, in 
addition to the flow rule, hardening rule and yield function. The parameters 
used in this model correspond to InGaAs for the thin film, GaAs for the 
substrate and SiO2 for the confining walls. Effects of lattice mismatch 
between film and the substrate, non-uniform deposition flux and plastic 
deformation in the film have been investigated on the morphology of thin 
film. Our results showed that morphology of the InGaAs thin film varies 
non-monotonically with the indium concentration of the alloy. Low indium 
concentration (0%-40%) causes formation and growth of two islands near 
the wall. By increasing indium concentration to (40%-75%) surface 
diffusion dominates the kinetic effects of overflow flux that leads to 
formation of a single island away from the walls. By further increase in 
indium concentration up to 100%, plastic deformation relaxes most of the 
strain energy density of the film that leads to asymmetric formation of 
islands near the walls. 

AP-2  Use of Solute Segregation to Tune Intrinsic Stress States in 

Metallic Thin Films, Tyler Kaub (tmkaub@crimson.ua.edu), The 
University of Alabama, USA, D. Jacobson, The University of Arkansas, 
USA, G. Thompson, The University of Alabama, USA 

During thin film deposition, strong intrinsic stresses develop as a result of 
adatom mobility on the growth surface. In this presentation, we describe 
how mix-mobility between a weak and strongly segregating system 
regulates the post-coalescence compressive stress where the insertion of 
excess adatoms into the grain boundaries influence the stress condition. In 
the weakly segregating system, Cu(Ni), we noted a significant increase in 
compressive stress with 5 at.% Ni additions. Further increases in solute 
resulted in a reduction of this compressive stress. This is explained in terms 
of thermodynamic solute saturation at the grain boundaries with the excess 
solute then being accommodated within the matrix. In the strongly 
segregating system, W(Ti), the compressive stress was bound between the 
two elemental film’s stress values. This stress evolution is described in 
terms of the thermodynamics of solute enrichment at the boundaries as well 
as grain refinement. By using different alloy films, coupled with TEM and 
atom probe characterization, we are able to quantify how grain boundary 
chemistry can regulate the post-coalescence stress evolution. Moreover, 
these findings suggest that solutes in grain boundaries can be used as a 
means to tailor that stress.  

Physical and Chemical Processes of Stress 

Development/Relaxation 

Room: Salon DEF - Session BP 

Session B Poster 

BP-1  Tailoring Nucleation and Stress Magnitude during Surfactant-

mediated Metallic Film Growth, Grégory Abadias 
(gregory.abadias@univ-poitiers.fr), C. Furgeaud, J. Colin, A. Michel, C. 
Mastail, L. Simonot, Institut Pprime, France 

Polycrystalline metallic films growing in a Volmer-Weber mode, as 
typically encountered during condensation of metal vapors on insulating 
substrates, are technologically important in a variety of applications, such as 
catalysis or plasmonics for which nanoparticle synthesis is a requisite. The 
nucleation, coalescence and continuous film growth stages of high-mobility 

metals are associated with a compressive-tensile-compressive behavior, as 
evidenced using real-time stress diagnostic.  

As the lateral grain size is usually set-in during the coalescence stage, 
controlling the nucleation conditions is of paramount importance for tuning 
the films properties as well as stress levels. This can be achieved by 
changing the substrate temperature or deposition flux.  

Here we employ Ge surfactant to vary the nucleation conditions during 
sputter-deposition of Cu and Pd films, and use a combination of in situ and 
real-time techniques to monitor the growth. We identify the percolation 
thickness from electrical resistivity measurements, while the onset of film 
continuity is determined from the maximum tensile force using a multiple 
beam optical stress sensor. Complementary analyses using atomic force and 
transmission electron microscopy are employed to obtain information on the 
growth morphology and grain size.  

BP-2  Influence of Phase Stability on the in situ Growth Stress 

Evolution in Inmiscible Multilayered Films, Qianying Guo 
(qguo9@crimson.ua.edu), G. Thompson, The University of Alabama, USA 

As the layer thickness is reduced in a thin film, a change in phase can result. 
For a repeating bilayer, a competition in phase stability develops between 
the two layer pairs. A series of immiscible Cu/Nb and Cu/V multilayered 
films have been deposited with the in situ stress monitored during the 
deposition. In general, the Cu/Nb multilayers grew with a collective 
compressive stress whereas the Cu/V exhibited a tensile stress. As the 
bilayer thickness was reduced in both samples, the Cu/Nb compressive 
stress increased and the Cu/V exhibited a reduction in tensile stress. 
Depending upon the volume fraction and bilayer thickness, the multilayers 
adopted either the FCC or BCC phases for both species. For Cu/Nb, this 
transformations resulted in a notable reduction in the compressive stress 
whereas Cu/V exhibited a return to a more tensile stress state. Additionally, 
for Cu/Nb, at a thickness for the 0.5/0.5 nm, the phases in the film vitrified 
with another notable change in the stress state. The differences in growth 
stress and phase stability for these two systems are explained in terms of 
their adatoms’ mobilities and lattice constant matching as the interfaces 
evolved between semicoherent-to-coherent.  

BP-3  Silicide formation stress signature during sputter deposition of 

Pd films on Si, J. Colin, Institut Pprime, UPR 3346, France, Anny Michel 
(Anny.S.Michel@univ-poitiers.fr), Institut Pprime, UPR 3346 CNRS-
Université de Poitiers-ENSMA, France, G. Abadias, C. Jaouen, Institut 
Pprime, UPR 3346, France 

Metal silicides are key building-block in Si-based integrated circuits. 
Ongoing miniaturisation of CMOS devices necessitates prediction and 
control of the interfacial silicide reaction and growth morphology during 
deposition of nanoscale metal layers into meeting the technological 
requirements. Insight on interface reactivity, diffusion mechanisms and 
sequence of phase formation during thermal annealing has been gained over 
the past decades, however, the dynamic processes occurring during growth 
remain to date poorly explored. 

The fundamental aspects of Pd thin films growth on Si were investigated by 
implementing in situ and real-time stress measurements (MOSS). The 
formation of a single silicide phase, Pd2Si, below 700°C makes the Pd-Si a 
model system to investigate. Emphasis was laid on the early growth stages 
however complementary in-situ resistivity measurements, as well as ex-situ 
structural characterisation (XRD, AFM, TEM, EELS) assist in the 
interpretation of the complex stress evolution during growth and provide 
insight into the subsequent microstructural evolution. 

The nucleation conditions were varied by depositing the Pd films on Si(001) 
wafers, covered either by a native oxide, or an amorphous Si buffer (a-Si), 
or simply chemically etched (HF). The influence of substrate temperature 
during growth, up to 250°C, is also discussed.  

In the initial growth stages, the signature of different regimes was identified 
and on a-Si an interfacial reaction results in a 2D growth mode; the 
resulting amorphous palladium silicide upon increasing deposition thickness 
(>2 nm) changes into the crystalline hexagonal Pd2Si phase, showing a 
distribution of small randomly oriented grains. We established that 
crystalline silicide formation is associated with a tensile stress evolution. 
Eventually, a strongly (111)-textured Pd film with a low mosaic distribution 
is obtained and the stress signature becomes compressive; something 
consistent with defect incorporation during growth under energetic 
conditions. Moreover, investigation on (a-Si/Pd)n multilayers revealed 
asymmetric interfaces, indication of a stronger chemical reactivity at the Si-
on-Pd interface. 

At higher substrate temperatures, the competition between interfacial 
silicide reaction and pure Pd growth results in extremely complex stress 
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changes; however they are fully explained when considering the initial 
thickness of a-Si layer as a limited reservoir for silicide formation. 

These findings confirm the concomitant diffusion of both Pd and Si atoms 
during growth, and since diffusion is highly dependent on grain boundary 
morphology, highlight the influence of growth kinetics and energetics. 

BP-4  Crystallization and Stress Evolution in Titania Thin Films, 
Radomir Kuzel (kuzel@karlov.mff.cuni.cz), Z. Matej, L. Nichtova, Charles 
University in Prague, Czech Republic, J. Musil, University of West 
Bohemia, Czech Republic, S. Kment, Institute of Physics, Academy of 
Sciences of the Czech Republic 

In several studies on a series of amorphous magnetron deposited titania thin 
films with different  

thickness deposited on Si substrated it was found that the time evolution of 
crystallization of deposited amorphous layers expressed in terms of 
integrated intensity of anatase diffraction peaks could be always well 
described by simple modified Avrami (JMAK) equation and that the 
parameters of the equation as the crystallization onset and rate of 
crystallization were closely related to the film thickness. This was later also 
proved for the films deposited by the pulsed double hollow Ti cathode(s) 
plasma jet sputtering.  

All these films crystallized at relatively low temperatures by a fast forming 
of relatively large crystallites (several tens of nm), as followed from small 
XRD profile broadening, already from the beginning of crystallization. By 
more detailed analysis of peak shifts of several diffraction peaks at 2θ scan, 
it was confirmed that the tensile stresses were generated during the 
crystallization and the shifts were not related to changes of  

chemical composition (oxygen content). The crystallization of very thin 
films was rather slow. This was found to be caused by tensile stresses 
generated during the crystallization and inhibiting further crystallization [1].  

The tensile stresses were determined also at room temperature by the sin2ψ 
method for several diffracting planes and by total 2θ pattern fitting by using 
the software MSTRUCT [3]. The grain interaction seemed to be more close 
to the Reuss model. It was also confirmed that the stresses were higher for 
thinner films (80-200 nm). The stresses were increasing with decreasing 
film thickness in the range of 50-800 nm [2]. 

Significant anisotropy of the strain was also found and compared with that 
of anatase, resulting from its theoretically calculated single-crystal elastic 
constants. The XRD data support the experimental evidence of the 
hypothesis that the [00l] axis is the elastically soft anatase direction. This is 
in agreement with the anisotropy predicted by single-crystal elastic 
constants that are obtained from ab-initio calculations. The anisotropy is 
very different from that for the rutile phase, and the experimental results 
agree well with the values calculated for anatase.  

[1] R. Kužel, L. Nichtová, Z. Matěj & J. Musil, Thin Solid Films (2010) 
519 (5),1649-1654.  

[2] Z. Matěj, R. Kužel and L. Nichtová, Metallurgical and Materials 
Transactions A42 (2011) 3323-3332.  

[3] Z. Matěj, R. Kužel and L. Nichtová, Powder Diffraction ( 2010) 25, 
125-131.  

Stress Evaluation Methods 

Room: Salon DEF - Session CP 

Session C Poster 

CP-1  Raman Spectroscopy of NbN, NbSiN, WS2 and a-C as a Function 

of the Applied Stress, E. Garcia, J. Cruz, J. Restrepo, Stephen Muhl 
(muhl@unam.mx), S.E. Rodil, Instituto de Investigaciones en Materiales, 
Universidad Nacional Autónoma de México, Mexico, E. Camps, Instituto 
Nacional de Investigaciones Nucleares, Mexico 

A number of authors have reported that the internal stress in thin films can 
cause a shift in the Raman peaks obtained from the deposited material. 
However, information of the Raman tensor, elastic modulus, etc. are needed 
in order to calculate the stress from the Raman spectra. For this study we 
constructed a fairly simple device to enable us to apply a controlled amount 
of stress to thin films deposited on silicon substrates. The Raman spectra of 
different thin films produced by magnetron sputtering on crystalline silicon 
were measured as a function of the applied stress. Where possible the 
measurements were repeated for films of the same material but of different 
thickness. The different spectra were compared to spectra from identical 
uncoated silicon substrate to determine how to normalise the relative shift 
of the Raman peaks for a given sample material. 

Stress in Industrial Processes 

Room: Salon DEF - Session DP 

Session D Poster 

DP-1  Seed-free Synthesis, Optimization and Characterization of 

Zeolite KA for flue gas adsorption, Keerthana Sivakumar 
(keerthu1688@gmail.com), A. Santhanam, M. Natarajan, Coimbatore 
Institute of Technology, India, B. Rangasamy, PSG College of Technology, 
India, D. Velauthapillai, Bergen University College, Norway 

Powdered samples of zeolite NaA (LTA) were completely K exchanged. 
Several compositions between the end membranes Na-, K- zeolite A were 
produced. Combined results from X-ray powder diffraction (XRD), 
Scanning electron microscopy and Energy dispersive studies (SEM-EDS), 
High resolution transmission electron microscopy (HRTEM), Fourier 
transform infra-red spectroscopy (FTIR) are presented. Samples were also 
assessed for their corrosion resistance property against organic acid namely 
H2SO4 of varying concentration of zeolites at temperatures up to 60 oC 
under stagnant as well as stirred conditions by Polarization/Impedance 
method. Microstructure and size in SEM and HRTEM images of the final 
zeolite KA annealed at 300°C showed the formation of cubic structure 
corresponding to zeolite KA. The lattice parameter a decreases with 
increasing K content ranging from 24.23 to 24.20 Å for K exchanged forms. 
Zeolite KA was dispersed in Poly ethylene glycol (PEG) in the ratio 1:25 
and coated on mild steel for the formation of membrane. 

Stress and Mechanical Properties in Thin and Thick 

Films 

Room: Salon DEF - Session EP 

Session E Poster 

EP-2  Cooperative Deformability in Controlling Tribological Behavior 

of CrN/TiN Superlattice Coatings Deposited by the Combined Deep 

Oscillation Magnetron Sputtering, Mingkai Lei (mklei@dlut.edu.cn), 
Y.X. Ou, Dalian University of Technology, China 

CrN/TiN superlattice coatings have been deposited on Si(100), IN 718, 
AISI 304L stainless steel and WC-6Co substrates by the combined deep 
oscillation magnetron sputtering (DOMS) and pulsed dc magnetron 
sputtering (PDCMS), and PDCMS at the same deposition conditions, 
respectively. The coatings deposited by combined sputtering have well-
defined interfaces between CrN and TiN sublayers and dense interface 
betwwen coating and substrate, resulting in higher hardness, H/E* and 
H3/E*2 ratios, as compared to those individually by PDCMS. When the 
substrate hardness is increased, the critical loads (LC1, LC2 and LC3) in scratch 
test are significantly increased together with the decrease in width of scratch 
tracks and the reduction of buckling failure. Only small cracks and elastic-
plastic deformation in the whole scratch track with the highest LC1 of 41 N, 
and higher than maximum applied load of 50 N are obtained for the 
coatings on WC-6Co substrate by the combined sputtering. This indicates 
an excellent cooperative deformability of the coating/substrate system 
benefited from DOMS plasma with high ionization and density. Therefore, 
the cooperative deformation mechanism aimed to enhance the adhesion of 
CrN/TiN superlattice coatings. The coherent deformation between the 
coatings with high H/E* and H3/E*2 ratios and hard substrate inhibits crack 
initiation and propagation of low residual stressed coatings with the 
increase in LC1, LC2 and LC3. High LC1 indicates high elastic strain to failure 
and plastic deformation resistance to reduce tangential contact force during 
sliding wear, leading to low coefficient of friction and formation of 
dominating oxidation wear. High LC2 and LC3 present high cracking 
resistance in reduction of coatings delamination and failure to inhibit 
abrasive wear. 

EP-3  Time- and Space-resolved High-throughput Characterization of 

Stresses during DCMS and HPPMS Sputtering of Al-Cr-N Thin Films, 
Lars Banko (lars.banko@rub.de), D. Grochla, A. Ludwig, Ruhr-University 
of Bochum, Germany 

Residual stresses are crucial for thin films. The mechanical behavior of thin 
film-substrate combinations are strongly affected by internal stresses, 
especially with respect to adhesion, durability and tribological performance. 
Gaining a better understanding of stress-inducing mechanisms and 
controlling the sign and amplitude of stresses in thin films is an important 
concern for surface engineering. Interfacial stress components due to lattice 
mismatch or different coefficients of thermal expansion contribute to the 
overall film stress as well as dislocations, impurities, voids and grain 
boundaries. Several stress components are directly related to the film´s 
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microstructure. To gain closer insight into the mechanisms of stress 
development and relaxation, real-time measurements during film growth are 
necessary. Furthermore, it is of interest to correlate the stresses to the 
chemical composition and the corresponding microstructure. This is 
possible in composition spread type materials libraries, where thin films of 
different compositions are fabricated simultaneously and are therefore very 
well comparable to each other. In order to understand the stress 
development during sputtering and annealing as a function of composition, 
high-throughput measurement methods are needed which are both time-
resolved and space-resolved. 

(Al100-xCrx)N thin film materials libraries were fabricated on micromachined 
cantilever arrays, in order to simultaneously investigate the evolution of 
stresses during the film growth by analyzing the changes in cantilever 
curvature. The films were deposited using a HiPMS power supply in the 
unipolar sputter mode. In order to perform the depositions in the HiPIMS 
range, the duty cycle was kept within 0.2 % and 2 % and the peak power 
density between 1 kW/cm2 and 2 kW/cm2. The various experimental 
parameters studied, it was found that different pulse durations and pulse 
periods show a strong influence on stress evolution and microstructure 
formation. The compositions of the films, as well as the applied pulse 
variations, have a pronounced effect on the lattice parameter and the 
coherence length. For example, HiPIMS coatings tend to be under 
compressive stress (Alami and Sarakinos (2009)). The stress level of the 
compressive film stress is controllable by changing the peak power density, 
since the ion energy scales with peak power. The results show the 
correlation of pulse duration/pulse period the peak power density and the 
evolving film stress during film growth. The combinatorial approach 
provides insight into how stresses and compositions are related to phases 
and microstructures of different Al-Cr-N compositions. 

EP-4  The Effect of Using Pulse Bias Voltage on the Stress Level and 

Hardness of TiN Coatings Produced via Cathodic Arc Method, Golnaz 

Taghavi Pourian Azar (golnaz.taghavi@gmail.com), E. Kaçar, M. Ürgen, 
Istanbul Technical University, Turkey 

Deposition of TiN coatings using pulse bias voltage has been the subject of 
our previous studies which has resulted in the changes in preferred 
orientation, grain size and tribological properties of coatings. In this study, 
we aim to investigate the role of type, magnitude and duty cycle of applied 
bias potential on the internal stress level and resulting structural and 
mechanical properties of TiN coatings. For this purpose, TiN films were 
prepared by means of the cathodic arc method on high-speed steel 
substrates, using DC and pulse bias voltages. XRD structural investigations, 
calculation of internal stress based on XRD results, nano-indentation 
hardness measurements and SEM observations were performed on all 
deposited samples. According to the results, decreasing in the internal stress 
in samples coated under pulse bias voltage compared to samples coated 
using DC bias potential and dependence of stress level on the magnitude 
and duty cycle of pulse bias voltage were observed. 

EP-6  Influence of Internal Stress on the Failure Modes of Optical 

Coatings during Scratch Testing, Thomas Poirié 
(thomas.poirie@polymtl.ca), T. Schmitt, E. Bousser, L. Martinu, J.E. 
Klemberg-Sapieha, Polytechnique Montreal, Canada 

Considering the increased use of compliant plastic substrates in the optical 
thin film industry for a wide variety of applications such as touch screens 
and ophthalmic lenses, it is crucial to understand the failure mechanisms 
occurring during the abrasive loading of these new coating systems in order 
to optimize their architecture for combined optical and mechanical 
performance. In this study, we present a new in situ setup and a new 
approach to perform and analyze scratch tests on optical coatings on 
compliant transparent substrates. The proposed instrument allows one to 
observe and image the contact region in real-time during the scratch test and 
to evaluate the shear stress distribution surrounding the contact using the 
photoelasticity principle. The studied films consist of thin evaporated TiO2 
layers (~ 300 nm thick) deposited on a plastic substrate. The use of ion gun 
assistance during the deposition allows one to tailor the residual stress and 
to produce coatings which exhibit varying stress levels: from tensile to 
compressive states. The failure mechanisms were assessed for two 
situations: (i) an increasing load scratch sequence, and (ii) a novel 
decreasing load scratch sequence. Subsequently, the observed failure modes 
are linked to the internal stresses of the coatings. This study significantly 
enhances the understanding of the failure mechanisms occurring during 
scratch testing of optical films on highly compliant substrates and, with this 
new knowledge, we demonstrate a novel methodology using the scratch test 
results to extract the yield strength of thin TiO2 optical coatings. 
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Stress in Industrial Processes 

Room: Salon ABC - Session D 

Stress in Industrial Processes 

Moderator: Chris Stoessel, Eastman Chemical Co., Inc., 

USA, Conal E. Murray, IBM T.J. Watson Research Center, 

USA 

2:30pm  D-1  Coating Stress in Reactively Sputtered Interference 

Filters: Sources of Stress and Ways to Mitigate It, Georg Ockenfuss 
(Georg.Ockenfuss@viavisolutions.com), Viavi Solutions, USA INVITED 

Stress in dense and stoichiometric dielectric coatings usually has an adverse 
impact on the optical and mechanical performance of optical interference 
filters. High precision interference filters are produced with energetic 
processes such as Ion Assisted Deposition (IAD), pulsed DC magnetron 
sputtering or Dual Ion Beam Deposition (DIBS) which create high 
compressive stress in the coatings.  

In this presentation we demonstrate a few examples of how stress impacts 
the filter performance, mechanically and optically, and present solutions to 
mitigate the negative impact.  

One method to reduce the optical degrading effect of coating stress in a thin 
film filter is by releasing the filter from the substrate. In this case the 
dielectric filter stack is deposited on top of a release layer. After deposition 
the filter is lifted off from the substrate. We will describe the impact of this 
method on an 8-skip-0 Wavelength-Division-Multiplexing (WDM) filter. 

A second option to reduce intrinsic coating stress is by thermal annealing. 
We will demonstrate the impact on a bandpass filter in the Ultraviolet (UV) 
spectral range.  

Other options being discussed are stress balancing by deposition dielectric 
coatings on both sides of a substrate or combining compressive stressed 
coatings with tensile stressed coatings in a thin film structure.  

Furthermore, in some cases thick all-dielectric coatings can be replaced 
with significantly thinner metal based filters which result in greatly reduced 
stress bending moments. As an example a thick all dielectric Near-Infrared 
(NIR) blocker can be substituted with a silver-based metal dielectric coating 
with only the fraction of the thickness. This becomes especially interesting 
when interference filters are coated directly on active device wafers.  

3:00pm  D-3  Stress-compensated Optical Interference Filters, M.-M. De 
Denus Baillargeon, Université de Montréal, Canada, T. Schmitt, 
Polytechnique Montréal, Canada, S. Larouche, Duke University, USA, 
Ludvik Martinu (ludvik.martinu@polymtl.ca), Polytechnique Montreal, 
Canada 

High mechanical stress in optical coatings is known to negatively affect the 
performance of the optical systems including the component curvature as 
well as the long term stability. In the present work we develop an 
optimization approach for the design of optical coatings that takes into 
account both the optical and mechanical properties of the substrate and of 
the deposited materials. The proposed method has been implemented as a 
supplemental module in the open source software OpenFilters [1], and it has 
been experimentally validated by multilayer stacks deposited by e-beam 
evaporation and by evaluating the mechanical stresses tested as a function 
of temperature.  

Specifically, two different stress compensation strategies were evaluated: 1) 
design of two complementary coatings on either side of the substrate, and 2) 
taking into account the mechanical properties of the materials and 
implementing them directly in the design of the optical coating system. The 
effectiveness of these strategies was tested for the case of reflective coatings 
suitable for the Fabry-Perot etalon used in astronomical instrumentation as 
well as for the minimization of stress in antireflective coatings. We show 
that when using evaporated SiO2 and TiO2 and appropriate design 
optimization, the curvature of the substrate in the first and second strategies 
decreases, respectively, by about 85% and 50%.  

3:15pm  D-4  Eliminating Residual Stresses in B4C Coatings for 

Neutron Detector Applications, Carina Höglund 
(carina.hoglund@esss.se), S. Schmidt, M. Imam, European Spallation 
Source ERIC and Linköping University, Sweden, H. Pedersen, L. Hultman, 
J. Birch, Linköping University, Sweden, R. Hall-Wilton, European 
Spallatition Source ERIC, Sweden 

Lately, there has been an urgent need for alternatives to neutron detectors 
based on 3He, mainly due to decreased production of this rare gas after the 
end of the cold war in combination with the enhanced U.S. Homeland 

Security program. New large area neutron detectors, including the ones that 
will be built at the European Spallation Source (ESS), or radiation scanners 
at, e.g., airports, would require much more than the complete U.S. supply of 
3He. 

During the past few years, we have shown that 10B-based neutron detectors 
are a competitive alternative to 3He-containing ones. The primary material 
choice is 10B4C, due to the high neutron absorption cross-section of the 10B 
in combination with excellent wear resistance, and thermal and chemical 
stability of B4C. The high hardness often results in a bad film-to-substrate 
adhesion for μm-range thick coatings due to high residual stresses. For 
detector applications with lifetimes of 10-50 years, tough demands are put 
on coating adhesion, density, and purity, in combination with low 
production costs and industrial scale production. 

Typical substrate materials are Al, Si, Ti, or Al2O3, for which an industrial 
scale setup using a high temperature DC magnetron sputtering process 
(PVD) in Ar is used when the substrates are coated on both sides. However, 
often one-side coated, very delicate, or temperature sensitive substrate 
materials like G10, Mylar, glass, and kapton are requested. We show that 
we overcome possible residual stress related adhesion and substrate bending 
issues by tailoring deposition parameters like target power, substrate 
temperature, sputtering gases, partial pressures, substrate bias, or by 
switching to other related sputtering techniques such as high power impulse 
magnetron sputtering or plasma assisted chemical vapor deposition. We 
also show that these films not only last for many years in air, but that they 
also withstand many hundred years of neutron bombardment. 

The coatings have been characterized with electron microscopy, elastic 
recoil detection analysis, and X-ray and neutron scattering techniques. 
Substrate temperatures of 400 °C result in films with a density close to bulk 
values and good adhesion to thicknesses above 3 μm. The 10B content is 
close to 80 at.%, with impurity levels of less than 1 at.% of H, N, and O. 
The residual stresses are measured to be ~0.1 GPa, i.e. effectively 
eliminated. Neutron bombardment with 3 x 1014 cm-2 results in negligible 
changes to this. 

Through several interdisciplinary collaborations a growing set of 10B based 
neutron detectors has been developed for use in a majority of the ESS 
detectors and the next generation of neutron science. 

3:30pm  D-5  Hybrid Organic-Inorganic Optical Coatings with 

Controlled Mechanical Stress Characteristics, Oleg Zabeida 
(ozabeida@polymtl.ca),  Polytechnique Montreal, Canada, T. Schmitt, M. 
Caron, J.E. Klemberg-Sapieha, L. Martinu, Polytechnique Montreal, 
Canada 

Optical coating applications require not only a good control of the optical 
characteristics related to their refractive index and the extinction coefficient, 
but also, importantly, of their mechanical properties such as stress, thermal 
expansion coefficient, and long term environmental stability. 

In the present work we simultaneously apply e-beam evaporation and ion 
beam assisted chemical vapor deposition (IBACVD) using organic 
precursors to obtain highly transparent low index SiO2-like and high index 
ZrO2- and TiO2-like optical films. We demonstrate that changing the 
concentration of the carbon-containing chemical groups in the gas phase 
and in the coatings allows one to selectively control the film characteristics, 
especially their hardness, elastic modulus, stress, hydrophobicity, and 
others. Specifically, using dynamic infrared variable angle spectroscopic 
ellipsometry (IR VASE) measurements combined with in-situ and ex-situ 
stress measurements we investigate the relationship between the mechanical 
stress, the deposition conditions and the water sorption characteristics.  

We show that introducing hydrophobic organic groups (e.g., CHx) into the 
SiO2 or TiO2 structures offers a new opportunity to reduce the stress 
encountered in inorganic films. Specifically, the hybrid coatings exhibit 
higher stability and a different behavior with respect to the outside 
environment, as well as better film mechanical and tribological 
performance, particularly when deposited onto plastic substrates. We 
discuss the stress behaviour in terms of the dipole interaction of water 
molecules adsorbed on the walls of the micro-pores and its dependence on 
the hydrophobic characteristics of the surfaces in relation to the 
organic/inorganic stoichiometric ratio. Given the relative simplicity of the 
assessment of the stress variation measurements, such an approach is 
recommended to be used for the stability and film porosity assessment. 
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3:45pm  D-6  Micromachined Stress Sensors as an Indicator for Thin 

Film Quality in Industrial Coatings and Research, Lars Banko 
(lars.banko@rub.de), D. Grochla, A. Ludwig, Ruhr-University of Bochum, 
Germany 

The mechanical behavior of the thin film-substrate compound is strongly 
influenced by residual stresses especially with respect to the hardness, 
adhesion and tribological performance (e.g. Bagcivan et al. 2014). The film 
stress is affected by different contributions like interfacial stress or different 
coefficients of thermal expansion as well as dislocations, impurities, voids 
and grain boundaries. Several stress components are related to the film´s 
microstructure and can indicate the presence of phases. Therefore 
measuring thin film stress comprises overall information on multiple 
coating parameters and offers a direct correlation to performance 
determining factors. Curvature based stress measurement on Si cantilevers 
can be applied to control the stress during coating development and 
subsequently as an overall indicator in the fabrication of the coating for 
quality assurance. In comparison typical tests for quality assessment of wear 
protective coatings like ball-cratering or nanoindentation are time-
consuming and only provide little information on the overall film quality. 
Micro-machined Si-cantilever stress sensors have been developed for 
application in different thin film deposition processes and deposition 
chamber designs. The small sensors (3 x 5mm2) can be applied in many 
static as well as dynamic deposition configurations and have already been 
validated in both PVD and PECVD industrial type processes. The high 
stress resolution in a film thickness range from a few nm to a several µm 
enables stress measurements in industrial applications from thin barrier 
coatings to thick wear coatings. A handling system was developed which 
enables the stress sensors to be handled like any other cutting tool (cutting 
inserts or drills). The application of these sensors in combination with the 
handling system gives the opportunity to make efficient statements on film 
quality and therefore can help to reduce complexity and lead time of 
industrial coating processes. 

Literature 

Bagcivan, N.; Bobzin, K.; Ludwig, A.; Grochla, D.; Brugnara, R. H. (2014): 
CrN/AlN nanolaminate coatings deposited via high power pulsed and 
middle frequency pulsed magnetron sputtering.Thin Solid Films 572, 153–
160. 

4:15pm  D-8  Effects of Stress on the Performance of Aerospace Surface 

Treatments, Gary Doll (gdoll@uakron.edu), The University of Akron, 
USA INVITED 

Thin film coatings and other surface treatments are enabling technologies 
that are used to combat friction, wear, and corrosion in aerospace 
mechanical systems. For example, diamondlike carbon coatings are being 
used on bearings and gears in rotorcraft gearboxes to enable the system to 
operate for longer duration in the event of the catastrophic loss of 
lubrication. Meanwhile, the search for a surface engineering technology to 
replace cadmium and inhibit stress corrosion cracking on aerospace alloys 
continues. In this presentation, the relationship between the mechanical 
properties of diamondlike carbon coatings and their tribological 
performance on aerospace components will be examined. Additionally, new 
technologies that are being developed to combat stress corrosion cracking 
on aerospace components will be discussed. 

4:45pm  D-10  Compressive Stress Gradients in Post Treated Al2O3 

CVD Coatings: Effect of Thermal Treatment and Machining Tests, Jon 

Andersson (jon.andersson@secotools.com), M. Jöessar, Seco Tools AB, 
Sweden, E. Ekström, Linköping University, Sweden 

One of the most successful coating designs for cemented carbide cutting 
tools is a double layer of Ti(C,N) and Al2O3 deposited by chemical vapor 
deposition (CVD). Due to differences in thermal expansion coefficient 
between substrate and coating such layers are under tensile residual stress as 
deposited. However, high compressive stresses can be induced in the near-
surface region by post treatment, e.g., wet blasting. The formation of 
compressive stress is highly beneficial, e.g., in applications where an 
intermittent mechanical load is applied. Of importance is also the relaxation 
of said compressive stress in a high temperature application. 

In this work α-Al2O3 coatings were studied after post treatment by wet 
blasting. Three different distinct crystallographic textures - (001), (012), 
and (110) - were compared and the induced compressive stress depth 
gradients were investigated by x-ray diffraction. The results show high 
compressive stresses (-2 to -5 GPa) in the near surface region and 
decreasing stress with depth into the coating. The observed differences in 
stress profiles between the different textures is discussed in terms of the 
formation mechanisms of the stress by plastic deformation in the wet 
blasting process. Several challenges regarding the evaluation of stress 
gradients in highly textured material are also highlighted. 

The stress relaxation at elevated temperatures was also studied after heat 
treatments at temperatures in the range 400-1000°C, showing that 

significant relaxation occur even at 400°C. Finally, these results were 
compared to the stress state evaluated after use of the coated tool in a 
relevant application - a steel turning test. 

5:00pm  D-11  High Rate Deposition of Dense, Low-Stress CrN and 

Cr2N Coatings by Remote Anode Assisted Magnetron Sputtering, 
Sterling Myers (smyers@vaportech.com), N. Peterson, B. Anton, J. Opal, S. 
Larson, Vapor Technologies, Inc., USA 

In an effort to improve the adhesion, mechanical properties, and the overall 
quality of thin film coatings, substantial research has been focused on 
increasing the flux and ionization of sputter target species while 
maintaining a high deposition rate suitable for industrial applications. 
Another important aim for thin film technology is the ability to deposit 
films with lower stress, which can enable films to be grown to much greater 
thicknesses than with films with higher stress. To accomplish these 
demands, a novel magnetron sputter deposition technique has been 
developed that is cost efficient and robust enough for even the most 
demanding industrial environments. Remote anode assisted magnetron 
sputtering (RAAMS) enhances target ionization and plasma density without 
the creation of macroparticles while increasing the deposition rate to 
comparable PVD technologies (magnetron sputtering, HIPIMS, etc.). In 
addition to producing highly dense films with good mechanical properties, 
it has been observed that this process also produces low-stress coatings for a 
wide range of deposition parameters and coating thicknesses. In this study, 
this process is utilized to deposit CrN and Cr2N coatings on multiple 
substrates with a variety of deposition parameters such as deposition time, 
working pressure, negative substrate bias, and remote anode current. The 
role of process parameters, substrate material, and deposition temperature 
on residual stress and mechanical properties are examined. Residual stress 
data collected by XRD and by the Stoney’s equation are also compared. 

5:15pm  D-12  In-Situ Stress Control Process for the Production of 

Optical Coatings on Ultra-Thin Silicon MOEMS, Christopher Cook 
(ccook@edmundoptics.com), Edmund Optics Inc, USA, V. Mathur, N. 
Ruhotina, M. Kuznetsov, P. Whitney, Axsun Technologies Inc, USA 

The influence of Ion Beam Assisted Deposition (IBAD) deposition 
parameters on coating stress was researched and a process was developed 
where precise targeting and control of curvature on necessarily thin (~1-
10um) silicon membranes used for high scan-rate (10KHz – 1MHz) 
MOEMS was demonstrated in a production environment. Some of the more 
salient aspects and capabilities of the resulting process and associated 
control algorithms termed “In-situ Stress Analysis and Control” (ISAAC) 
are introduced and examined in this presentation. An accurate formulation 
was found for the coating stress vs. membrane curvature by comparing FEA 
predictions of the membrane (plus coating) curvature with actual 
interferometric measurements. In production, ISAAC was found to be 
capable of targeting small net stress values of approximately 10MPa 
(compressive) and controllable to better than +/- 5MPa. Results on the 
actual membranes for HR coatings (20-30 layer) are given along with 
demonstrated results for the stress control of other coatings such as BBARs 
and V-Coats, which became necessary for practical reasons in this case. 

5:30pm  D-13  Practical Stress Control Factor of Tungsten Thin Film 

by CVD, Dong-Hoon Han (d.-h.han@samsung.com), K. Lee, S.-W. Kim, S. 
Lee, Y. Seo, S. Roh, K. Kim, Samsung Electonics Co., LTD, Republic of 
Korea 

As a feature size of memory devices decreased, demands of a stress control 
of the films has grown. W film has high tensile stress (~2GPa) with usual 
procedure of CVD (Chemical Vapor Deposition) in the memory fabrication. 
So, finding the control factor of the W film stress is important without loss 
of pattern fill margin and electrical resistivity. In this paper, the effects of 
nucleation layer and underlying film on the W film properties, e.g. stress 
and resistivity were presented. W nucleation layers were deposited by using 
two different reaction schemes, one is with B2H6 reducing agent and the 
other is with SiH4. And titanium nitride and tungsten nitride were prepared 
as underlying film. It was found that film resistivity and stress has a 
correlation and stress is managed by controlling concentration of reducing 
agent in the specific deposition sequence. From these results W film stress 
which has thickness ~1500Å was reduced to 1.5GPa with keeping fill 
ability. By using X-ray diffraction (XRD) and X-ray reflectivity (XRR), 
effect of tungsten phase, grain size and density were analysed.  
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8:30am  E-1  Adhesion and Buckling of Multilayers : Beyond the 

Telephone Cords, J.-Y. Faou, Saint-Gobain Recherche, France, S. 
Grachev, SVI CNRS/Saint-Gobain, France, G. Parry, SIMAP, France, 
Etienne Barthel (etienne.barthel@espci.fr), SIMM/ESPCI, France 
 INVITED 

Adhesion and Buckling of Multilayers - Beyond the Telephone Cords 

Thin films with large compressive residual stresses and low adhesion are 
prone to buckling and delamination. This is both a significant technical 
issue, with relevance to thin film stability, and an interesting academic 
problem where non-linear plate deformation couples to adhesion. This 
coupling produces a variety of intriguing patterns. The most famous one is 
the telephone cord, but other morphologies can appear as well. 

We have carried out an experimental study of buckle formation on a model 
system: the film is a Molybdenum overlayer with thickness ranging 
between 50 and 300 nm, while compressive biaxial stress (up to nearly 3 
Gpa) is adjusted through the deposition conditions [1]. In addition a thin 
silver film (usually 10 nm) is deposited directly on the substrate, below the 
Mo layer: in this way a low and reproducible adhesion develops. With this 
system, we have obtained a wide range of buckling conditions. Beyond 
telephone cords we have also met with less ubiquitous morphologies, such 
as branching buckles. We have systematically explored the phase diagram 
of morphologies as a function of stress and thickness. To help understand 
these results, we have also modeled the formation of the buckles. 
Geometrical non-linearities of film buckling are taken into account within a 
Finite Element model, and film adhesion is included as a cohesive zone. We 
show that consistent predictions of the buckle morphologies are obtained 
provided the mode mixity dependence of interfacial toughness is included 
[2]. We have also demonstrated numerically that the period of the telephone 
cord buckle is directly connected to the mode I critical energy release rate 
GIc, and give some experimental evidence that in practice thin film adhesion 
energies can be measured quite accurately based on this observation [3]. 
Finally we investigate other morphologies and in particular regular patterns 
resulting from branching, and discuss how a phase diagram can be built. 

[1] “Stress tuning in sputter-deposited MoOx films”, Faou J. -Y. et al. Thin 
Solid Films 527 (2013) 222-226 

[2] “How Does Adhesion Induce the Formation of Telephone Cord Buckles 
?” Faou J.-Y et al. Phys. Rev. Lett. 108 (2012) 116102 

[3] "Telephone cord buckles—A relation between wavelength and 
adhesion" Faou, J.-Y., Parry, G., Grachev, S. and Barthel, E. J. Mech. Phys. 
Solids 75 (2015) 93-103 

9:00am  E-3  Utilizing Speed for Enhanced Resolution in 

Nanoindentation-Based Property Mapping, Eric Hintsala 
(ehintsala@hysitron.com), Hysitron, Inc., USA, P.J. Wei, National Cheng 
Kung University, Taiwan, R. Nay, Hysitron, Inc., USA, D. Carlson, S.A. Syed Asif, Hysitron, Inc., USA 

For measuring materials properties in thin films, nanoindentation has 
already proven itself as one of the primary tools due to its being highly 
localized, essentially non-destructive and easy to use. Properties such as 
modulus, hardness, and - through more specialized analysis - film adhesion 
and residual stresses can be studied. However, achieving data sets of 
statistical size and rapidly surveying a materials surface for points of 
interest (when they are not known a priori) can take hours, or even days. 
This is the primary motivation for property mapping techniques, which have 
enable new insights into structure-property relationships. Performed at 
elevated temperature, property mapping can provide valuable insight into 
thin-film processing. 

It will be demonstrated that property mapping techniques with 
nanoindentation are much more than time saving and convenient: recent 
increases in indent speed (up to 6 indents per second) have allowed new 
types of studies that have heretofore been largely impractical. For 
evaluation of film stress, by coupling property mapping with a heating 
stage, sample temperature can be ramped continuously during a property 

mapping measurement, allowing the temperature dependence of properties 
to be assessed with a resolution on the order of a degree. High temperature 
resolution is expected to provide valuable information for understanding 
evolution of thermal stresses, though it is comparative since 
nanoindentation cannot directly measure residual stress. Potential for a 
quantitative inference of the film stress based on reference measurements 
may be possible, especially when considering the quantities of data 
available through property mapping; this can be done by hardness 
comparison and critical load for debonding. 

9:15am  E-4  Fragmentation and Adhesion of Thin Metal Oxide 

Coatings on Polymer Films, Marcus Tavares 
(marcus.tavares@angstrom.uu.se), Uppsala University, Sweden, C. Neagu, 
P. Fayet, Tetra Pak (Suisse) SA, DSO, Switzerland, U. Wiklund, Uppsala 
University, Applied Materials Science, Sweden, E. Dickey, Lotus Applied 
Technology, USA, K. Gamstedt, Uppsala University, Division of Applied 
Mechanics., Sweden 

This paper analyses adhesive and cohesive properties of nanometer thin 
coatings deposited by atomic layer deposition (ALD) on polymer film. Such 
coatings have excellent barrier properties as well as transparency [1], where 
the main application of the tested films for this present work is in food 
packaging. The materials of the coatings are TiO2 (titanium oxide)and MOX 
(mixed oxide, TiO2 and Al2O3). This experiment is carried out with four 
sample thicknesses; 20 nm for both coatings, 4 nm for the thin MOX 
coating and 6 nm for the thin TiO2.  

Fragmentation tests were performed using a tabletop scanning electron 
microscope (SEM) and an in-situ tensile stage for tracking the multiple 
cracking throughout the samples during increasing tension. That experiment 
allows to identify the nominal strain when the first flaw appear (crack onset 
strain), and also the point when no more cracks appear (crack saturation 
strain). The metal oxide coatings are non-conductive, and an additional 
conductive coating Au-Pd [2] is needed to be applied in order to perceive 
the cracks in the SEM. Although the conductive coating had approximately 
the same thickness as the brittle metal oxide coating, it was fortunately 
found that the relatively soft conductive coating had negligible influence on 
the cracking process. In-situ SEM testing has been shown to be a relatively 
straightforward method to quantify the coating cracking process, despite the 
small dimensions of the layer thickness and the crack openings. 
Furthermore, the Young’s modulus for each coating thickness was 
identified by nanoindentation, and comparison with FEM simulations of the 
load-displacement curve. 

The Young’s modulus is an important material property of the coating, it is 
also needed to estimate the interfacial shear strength at the interface 
between the coating and the polymer substrate at the crack saturation point 
[3]. 

The principles of the fragmentation tests are shown in, Figure 1. From the 
plots of the crack density versus nominal strain where, it is possible identify 
distribution in strain to failure of the brittle coating, as well as the limit of 
adhesion of the coating-substrate interface. The method will be exemplified 
and key material properties of some novel coating materials will be shown 
in the presentation. 

Keywords: Thin coating; fragmentation test; cohesive failure, adhesive 
failure. 

9:30am  E-5  A Novel Approach to Measuring Coating Adhesion using 

Scratch Testing, Pierre Morel (pierre.morel@anton-paar.com), B. Frye, 
Anton Paar USA, G. Favaro, Anton Paar TriTec, Switzerland 

Since the early 1990s, coatings have been routinely characterized using 
nanoindentation, and scratch testing in order to optimize their mechanical 
properties. 

Most of the current international standards were written during the same 
period and unfortunately most users of mechanical testers only compare 
values between hardness, elastic modulus and critical loads but these may 
be insufficient for a good understanding of a coating design. 

Optimization of a coating remains a challenge due to the many influencing 
variables such as coating adhesion, yield and wear mechanism, thermal and 
mechanical stresses, etc. 

By the use of measured data from a Nanoindentation and scratch tests, a 
physical calculation of spatial stress profiles is simulated considering 
realistic material properties. 

Typically, in order to study the film properties during a scratch test, the tip 
radius is carefully chosen to locate the maximum stress in the film or at the 
interface. This new procedure switches the focus of adhesion study from 
traditional critical loads, inherently tip dependent, to a study of stresses at 
the interface independently of the tip radius.  
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To illustrate the features of this new method, various examples of 
characterization on coated samples will be presented, showing the 
flexibility of the technique for different situations. 

9:45am  E-6  Residual Stress of Silicon Dioxide Thin Films, Oili Ylivaara 
(oili.ylivaara@vtt.fi), M. Putkonen, VTT Technical Research Centre of 
Finland, K. Pfeiffer, A. Szeghalmi, Friedrich Schiller University Jena, 
Germany, R. Puurunen, VTT Technical Research Centre of Finland 

Silicon dioxide is common low-refractive index material used for example 
in optical interference coatings, in active devices as dielectrics or in 
microelectromechanical systems (MEMS) as sacrificial layers [1]. 
Depending on device and substrate limitations different process 
temperatures for film formation are encountered. In addition, required film 
thicknesses can vary from sub-nanometer to micrometer range thus limiting 
the applicable deposition methods. The residual stress of conventional 
silicon dioxide films deposited using thermal and chemical vapour 
deposition (CVD) has been widely studied, but only a scattered information 
about the residual stress in silicon dioxide films made by atomic layer 
deposition (ALD) is available [1, 2]. In this study a matrix of silicon 
dioxides grown onto 150 mm silicon wafers using thermal oxidation, low-
pressure (LP) CVD, plasma-enhanced (PE) CVD and ALD was investigated 
for residual stress. Thermal oxide was grown from O2. LPCVD TEOS, low 
temperature oxide (LTO) and PECVD oxide were deposited using 
tetraethylorthosilicate, O2/SiH4 and N2O/SiH4 as precursors, respectively. 
ALD SiO2 was grown using AP-LTO-330 as a precursor. The process 
temperatures varied from 200 to 1050 °C depending on deposition method. 
For all oxides targeted film thickness was 100 nm. Wafer curvature 
measurement was used to determine the stress and its stability. Supporting 
information on thickness was obtained for the same samples by 
spectroscopic reflectometry. Residual stress varied from tensile to 
compressive depending on the deposition method. Large differences in 
stress stability were found for different deposition methods. 

Acknowledgement: We are grateful for Academy of Finland’s funding 
through the Centre of Excellence in Atomic Layer Deposition and through 
grant 263577  

References 

[1] K. Pfeiffer et al., Comparative study of ALD SiO2 thin films for optical 
applications, Opt. Mater. Express 6, 660-670 (2016). 

[2] M. Putkonen et al., Thermal and plasma enhanced atomic layer 
deposition of SiO2 using commercial silicon precursors, Thin Solid Films 
558, 93–98 (2014). 

10:00am  E-7  Tailoring the Residual Stress in SiNx Coatings Deposited 

by Reactive High Power Impulse Magnetron Sputtering, Susann 

Schmidt (sussc@ifm.liu.se), T. Hänninen, J. Wissting, J. Jensen, L. 
Hultman, Linköping University, Sweden, N. Goebbels, M. Tobler, IHI 
Ionbond AG, Sweden, H. Högberg, Linköping University, Seweden 

SiNx coatings - intended for hip joint replacements - are deposited using 
reactive high power impulse magnetron sputtering (HiPIMS). This study 
explores most important deposition process parameters to tailor the residual 
coating stress, as the coating stress and its control is of key importance for 
the performance and reliability of SiNx coatings on joint replacements.  

An industrial deposition chamber equipped with pure Si targets is used to 
conduct the SiNx growth and plasma characterization in N2/Ar ambient. For 
our investigations the deposition pressure, substrate temperature, N2-to-Ar 
flow ratios, pulse energies and the average power were varied.  

Reactive HiPIMS processes using N2-to-Ar flow ratios between 0.16 and 
0.3 are studied with time resolved and time averaged positive ion mass 
spectrometry as well as time resolved Langmuir probe measurements. The 
coatings are deposited to thicknesses of 2 µm and 4.5 µm on Si(001) and 
mirror polished CoCrMo disks, respectively. The residual stress of the X-
ray amorphous coatings is determined from the curvature of the Si(001) 
substrates as assessed by X-ray diffraction. Further coating characterization 
is performed by X-ray photoelectron spectroscopy, scanning electron 
microscopy, Nanoindentation and Rockwell C tests in order to study their 
elemental composition, hardness and adhesion.  

The compressive residual stress and therefore also the adhesion of the SiNx 
coatings depend primarily on the N2-to-Ar flow ratio and thus their nitrogen 
content and density as well as the deposition pressure, the substrate 
temperature, and HiPIMS power settings. N2-to-Ar flow ratios of 0.28 yield 
dense and hard SiNx coatings with Si/N ratios < 1 and compressive residual 
stresses of 1.7 GPa. Our study shows that substrate temperatures below 350 
ºC, low sputter particle energies and the addition of metal nitride interlayers 
result in improved SiNx coating properties possessing compressive residual 
stresses of 0.2 GPa and excellent coating adhesion.  

10:30am  E-9  Solid Particle Erosion Modeling of Stress-controlled 

Mechanically Graded Coatings, Michael Laberge 
(michael.laberge@polymtl.ca), L. Martinu, J.E. Klemberg-Sapieha, 
Polytechnique Montreal, Canada 

Elastic modulus mismatch between hard protective coatings and metallic 
base materials is known to be responsible for premature failure of the 
coated system in many demanding applications. Under tribological 
solicitations, this mismatch leads to high shear stress at the interface and is 
one of the main factor responsible for limited adhesion of hard coatings. In 
the present work, we focus on an approach that allows one to limit this 
stress concentration phenomenon by designing graded coatings which 
reduce the elastic modulus mismatch at the interface. Finite element 
modeling shows that an optimal design for solid particle erosion wear 
conditions is achieved by matching the properties at the interface to reduce 
localized shear stresses while increasing the elastic modulus value to its 
maximum to maximize load carrying capacity. Finally, a slight decrease of 
the modulus near the surface was also shown to inhibit crack propagation 
originating from surface defects. Such bio-inspired design can naturally be 
observed in hard living tissues such as teeth and bones and is the 
fundamental explanation to their exceptional mechanical resilience.  

In our work, we consider a stress-controlled design as a novel method to 
further enhance coating toughness, adhesion and wear performances. With 
the advancement in sputtering process control, deposition of stress-
controlled mechanically graded coating is now readily achievable at the 
industrial scale. However, understanding of their mechanical behavior still 
remains an open subject. In this context, we developed a finite element 
model to investigate the influence of residual stress profile and its potential 
synergy with mechanically graded coatings. The approach presented in this 
study is believed to become an important tool toward a design of an optimal 
architecture for any wear resistance applications. 

10:45am  E-10  Stress Compensation by an Undercoat SiO2 Layer 

Prepared using Plasma Ion Assisted Deposition, Meiping Zhu 
(bree@siom.ac.cn), Y. Chai, J. Sun, Y. Zhao, J. Wang, K. Yi, J. Shao, 
Shanghai Institute of Optics and Fine Mechanics, China 

HfO2/SiO2 multilayer coatings are widely used in high-power laser system 
because of their fine optical qualities and high laser damage resistance. 
Stress in these coatings depends significantly on the deposition process, as 
well as the coating structure. Internal crack which was induced by coating 
stress in tension was observed in our experiment. A series of experiment 
and numerical calculation were demonstrated in order to clarify the cracking 
mechanism of multilayer coating prepared by different deposition 
parameters using electronic beam coater. Plasma ion-assisted deposited 
(PIAD) SiO2 undercoat layer was proposed to compensate the tensile stress 
in HfO2/SiO2 multilayer coating. Our experimental results indicate that the 
undercoat SiO2 layer deposited by PIAD is effective to avoid the cracking 
failure, without sacrificing the optical property and laser damage resistance 
of the coating.  

11:00am  E-11  Superlattice Effect for Enhanced Fracture Toughness of 

Hard Coatings, Rainer Hahn (rainer.hahn@tuwien.ac.at), M. Bartosik, 
TU Wien, Austria, R. Soler, C. Kirchlechner, G. Dehm, Max-Planck-Institut 
für Eisenforschung, Germany, P.H. Mayrhofer, TU Wien, Austria 

In this contribution, it is shown that coherently grown nanolayered TiN/CrN 
thin films exhibit a superlattice effect in fracture toughness, similar to the 
reported effect in indentation hardness. We found –by employing in-situ 
micromechanical cantilever bending tests on free-standing TiN/CrN 
superlattice films– that the fracture toughness increases with decreasing 
bilayer period (Λ), reaching a maximum at Λ ~6 nm*. For ultrathin layers (Λ 
~2 nm), the fracture toughness drops to the lowest value due to intermixing 
and loss of superlattice structure. Both, fracture toughness and hardness 
peak for similar bilayer periods of TiN/CrN superlattices. The hardness 
enhancement in superlattice thin films is a plasticity driven phenomenon 
(mainly depending on a difference in the shear moduli of its constituents), 
and as such, is governed by aggravated dislocation mobility. In contrast, the 
fracture toughness of the ceramic thin films shows little to none plasticity, 
suggesting an underlying bilayer-period-dependent property to be 
responsible for both enhancements. These possible intrinsic superlattice 
properties, which will be discussed in detail, are: coherency strains due to 
differing lattice constants a; the average grain size in the individual layers; 
or spatially oscillating elastic moduli influencing the crack growth. 

* R. Hahn, M. Bartosik, R. Soler, C. Kirchlechner, G. Dehm, and P.H. 
Mayrhofer, “Superlattice effect for enhanced fracture toughness of hard 
coatings”, Scripta Materiala 124, 67 - 70 (2016). 
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