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TUTORIAL

Stresses at the Micro- and Nanoscale-Novel
Testing and Characterization Techniques

Monday March 28, 2005
1:30 PM - 5:00 PM

Room 2022 (Moscone West)

The tutorial will consist of two 111ajor sections: 111easuring residual
stresses in thin filn1s and s111all volu1118s, and 111easuring the
mechanical properties of thin films. The overall goal of the tutorial is
to provide a basic understanding of the 111ajor techniques and tools
used to perforn1 these 111easuren18nts. The instructors expect to
provide enough inforIllation so that students, as well as experts in the
field, will be able to directly compare advantages and drawbacks of all
the tools and techniques described.

1. Measuring Stresses in Thin Filn1s and Sn1all Volul118s

(a) Substrate Curvature Technique (Chason Method)

(b) Bulge testing

(c) Diffraction Methods

(d) Optical Spectroscopy Techniques to Measure Residual
Stresses

2. Measuring the Mechanical Properties of Thin Films with a
Special Focus on Nanoindentation

(a) Review of Standard Instrul11ented Indentation Testing

(b) Advanced Analyses of Nanoindentation Data

(c) Commercially Available Instrumented-Indentation Tools

(d) Scratch Testing

(e) Novel Test Methods

Instructors:
Ralph Spolenak, ETH-Hiinggerberg, Switzerland
Thomas Buchheit, Sandia National Laboratories

SESSION or: Elasticity in Thin Films
Chair: Kazuki Takashima

Tuesday Morning, March 29, 2005
Room 2022 (Moscone West)

8:30 AM *01.1
Advanced Resonant-Ultrasound Spectroscopy for Studying
Anisotropic Elastic Constants of Thin Films. Hirotsugu Ogi,
Graduate School of Engineering Science, Osaka University, Osaka,
Japan.

This paper presents an advanced resonant-ultrasound-spectroscopy
(RUS) method to determine the elastic constants Cij of thin films.
Deposited thin films usually exhibit elastic anisotropy between the
filn1-growth direction and in-plane direction, and they show five
independent elastic constants. Because all of film Cij affect the
n1echanical resonance frequencies of a filn1jsubstrate layer specin1en,
resonance frequencies allows one to detern1ine the filn1 Cij inversely.
Accurate resonance-frequency n1easuren1ents are achieved by
developing a piezoelectric tripod with needle-like transducers. Mode
identification is unan1biguously n1ade by n1easuring
displacen1ent-an1plitude distributions on the resonated specin1en
surface by laser-Doppler interferometry. We applied our technique to
copper thin films, CVD diamond thin films, and Co/Pt superlattice
thin filn1s. They show elastic anisotropy and the Cij sn1aller than
those of bulks. Micron1echanics calculations suggest presence of
incohesive bonded regions. Co/Pt superlattice thin films with various
Co-Pt layer wavelengths were deposited on n10nocrystal silicon
substrates by an ultrahigh-vacuun1-evaporation n1ethod, keeping the
volun1e fractions of the Co and Pt layers unchanged. Their
perpendicular n1agnetic anisotropy ranged between -0.2 and 5 MJ /n13.
Their hexagonal-syn1n1etry elastic constants correlate with the
n1agnetic anisotropy; higher perpendicular luagnetic anisotropy causes
larger in-plane elastic n10duli and sn1aller out-of-plane n10duli. Large
elastic strains in the Co and Pt layers caused by their large lattice
n1isfit explain this correlation through lattice anharn10nicity and
n1agnetostriction effect.

9:00 AM 01.2
Elastic Constants and Incohesive Grain Bonds of
Nanocrystalline CVD-Diamond Thin Films: Resonant
Ultrasound Spectroscopy and Micromechanics Calculation.

Hirotsugu Ogi 1
, Nobuton10 Nakan1ura1

, Hiroshi Tanei 1
, Ryuji

Ikeda2
. 3 , Takemoto Miki03 and Masahiko Hirao'; 'Graduate School of

Engineering Scinece, Osaka University, Osaka, Japan; 2 Asahi
Diamond Ind Co Ltd, Chiba, Japan; 3Mechanical Engineering,
Aoyan1a Gakuin University, Kanagawa, Japan.

N anocrystalline dian10nd filn1s show ren1arkable properties such as
high thern1al conductivity, low dielectric constant, and excellent
harnnRss. Besides, they show provide nano-scale grain size and surface
roughness to contribute to applications for optical devices and
electron field emitters for flat panel displays. Few reports, however,
appear studying elastic constants because of the difficulty of the
measurement. Polycrystalline thin films usually show elastic
anisotropy between out-of-plane and in-plane directions because of
colun1nar structure, texture, residual stress, ann local incohRsivR
bonds. Then, they show transverse elastic isotropy with five
independent elastic moduli. We develop an advanced
resonance-ultrasound-spectroscopy technique to detern1ine the
independent elastic constants of nanocrystalline c.:VD-diamond thin
films. They are deposited on monocrystal silicon substrates by the
hot-filament methane/nitrogen CVD method. Mechanical
free-vibration resonance frequencies of the film/substrate specimen
depend on the diluensions, n1ass densities, and all of the elastic
constants of the filn1 and substrate. Thus, high-accuracy n1easuren1ent
of the resonance frequencies allows us to detern1ine the elastic
constants of the film inversely. We developed a piezoelectric tripod
with needle-like transducers to n1easure the resonance frequencies
with accuracy better than 10-5. Identification of resonance n10des,
which is an in1portant key for successful detern1ination of elastic
constants, is achieved by n1easuring the displacen1ent distribution on
the vibrating-specin1en surface with laser-Doppler interferon1etry. The
elastic constants of nanocrystalline dian10nd filn1s are sn1aller than
those of microcrystalline CVD diamond films and bulk diamond. We
attribute the con1pliant thin filn1s to the presence of incohesive bonds
at grain boundaries. A n1icron1echanics n10del consistently explains
this observation and estimates the volume fraction of defects.

9:15 AM 01.3
Mechanical Properties and Size Effect in Nanometric W jCu
Multilayers. Pascale Villain, Daluien Faurie, Pierre-Olivier Renault,
Eric Le Bourhis, Philippe Goudeau and Frederic Badawi; LMP,
SP2MI, University of Poitiers - CNRS, Futuroscope Chasseneuil,
FranCR.

Recent nun1erical sin1ulations have already shown that reducing the
characteristic length scale (thickness or dian1eter) of a crystal with
different shape (film or wire) down to a few nm leads to elastic
n10dulus softening [1]. In fact, surfaces contribution becon1es
preponderant in nano-sized crystals yielding deviations fron1 the
average elastic behavior of the n1aterial. Moreover, the n1echanical
properties are known to differ from those expected from the bulk
state. W jCu n1ultilayers with different period ranging fron1 24 down
to 3 nn1 have been prepared by ion bean1 sputtering and characterized
using x-ray reflecton1etry, x-ray diffraction, instrun1ented indentation
and energy dispersive analysis in a Scanning electron n1icroscope. The
elastic behavior of W sub layers has been analyzed using a new
n1ethod con1bining X-ray diffraction and tensile testing [2]. A decrease
of the Young n10dulus is already observed when reducing the period
thickness down to 3 nn1. In addition, EXAFS n1easuren1ents indicate
that surface alloying n1ay occur in tungsten sub layers for the lowest
periods. A possible correlation between these two features is
discussed. Furthern10re, cracks initiation in the filn1s was generated
under the larger applied tensile stresses and under nano- and
n1icro-indentation. The behavior was observed to depend on the
period of these multilayers as well. The overall obtained results are
con1n1ented in view of the previous ones. [1] Villain P., Beauchan1p P.,
Badawi K.F., Goudeau P., Renault P.O., Aton1istic calculation of size
effects on elastic coefficients in nanon1eter-sized tungsten layers and
wires, Scripta Materiala 50 (9) (2004) 1247-1251. [2J Badawi K.F.,
Villain P., Goudeau P., Renault P.-O., Measuring thin filn1 and
n1ultilayer elastic constants by coupling in situ tensile testing with
x-ray diffraction, Applied Physics Letters 80 (25) (2002) 4705-4707.

9:30 AM 01.4
Elasticity and Coalescence in Thin Metallic Films.
Nail R. ChaIllSoutdinov and An1arante Bottger; Materials Science, TU
Delft, Delft, Netherlands.

The results of a cOlubined theoretical and experin1ental study on
elasticity in nano-crystalline n1etallic filIus are presented. On the basis
of energy considerations the effect of the geoluetry of grains and voids
on elastic properties and stresses in these luaterials is investigated.
Both free-standing filn1s and filn1s on a substrate are analyzed. The
n10del considers the equilibriun1 between strain energy and energy of
inter-granular interaction due to coalescence. The resulting analytical
expressions for stress and the filn1's effective Young n10dulus contain
geon1etrical paran1eters such as grain size, distribution of voids and
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nlaterial constants like the bulk Young's nlodulus and surface energy.
For filnls on substrates, the stress depends on the volUlne of coalesced
voids, while the effective Young's modulus is affected only by the
density of voids with dimensions close to some critical value, which
depends on the filnl's nlorphology. Free-standing filnls exhibit
sonlewhat different behavior depending on the distribution of voids.
Special attention is paid to investigate the limitations of the model.
Experiments on elasticity and stresses in thin nano-crystalline Fe films
(with grain size less than 100 nm) are performed and an excellent
agreenlent with the predictions of the nlodel is found. Thp, availahlp,
published experinlental results on elasticity in other nletallic thin
films are also described well by the model.

9:45 AM 01.5
Improvement of the Elastic Modulus of Micromachined
Structures using Carbon Nanotubes. Nicolas Duarte1

, Prasoon
Joshi ' , Abhijat Goyal ' , Paul Sunal2

, Awnish Gupta3
, Srinivas

Tadigadapa1 and Peter Ecklund 3 ; 1 Electrical Engineering, The
Pennsylvania State University, University Park, Pennsylvania;
2Engineering Science and Mechanics, The Pennsylvania State
University, University Park, Pennsylvania; 3physics, The
Pennsylvania State University, University Park, Pennsylvania.

High frequency nlechanical resonators operating in the frequency
range of lGHz and higher are of great interest in RF applications.
However, even using the torsional nlode of operation, Inicron sized
resonators are typically linlited to a nlaxinlunl frequency of ..-vI GHz.
One way to achieve further inlprovenlents in resonator characteristics
is to use higher stiffness materials. Carbon nanotubes (CNTs) have
been nleasured to have very high axial nlodulus of elasticity ..-vI TPa.
Incorporation of the high modulus CNTs into MEMS thin films is
expected to improve the elastic properties of deposited thin films. We
incorporated CNTs in MEMS structures in two different ways and
independently observed an increase in the stiffness of the
micromechanical structure. In this paper we report the first
observation of the improvement of the stiffness of MEMS structures
by addition of CNTs. A detailed analysis of the observed improvement
in the nlechanical properties of thin filIns and the practical
implications of these findings for MEMS devices will be explored. In
the first technique, CNT bundles were incorporated into PECVD
Si 3 N 4 thin films. This was done by a sequential deposition of Si 3 N 4

and CNT layers onto a plain Si substrate. CNTs were deposited using
an airbrush spray technique. To test the nlechanical properties, the
Si 3 N 4 -CNT conlposite layer was patterned by reactive ion etching
followed by a release in XeF2 to create freestanding bridge structures.
A control sample was created by the same layered deposition of Si 3 N 4

but without the CNTs. The bridges were tested with an AFM system
to obtain Force-Displacenlent (F-D) curves. Slope of the curve gave
the spring constant of the AFM tip and bridge in series. 50 F-D
curves were taken around the center of each bridge and the average
spring constant was calculated. An average increase in conlbined
spring constant of ~20 nN / 11m was observed compared to the control
bridges. In the second technique, bridges fabricated using dissolved
wafer process were spray coated with single walled CNTs (SWNTs).
Since the SWNTs are suspended in NMP solvent, the spray coating
was done locally on each bridge using a piezoelectric printhead.
Resonance frequency nleasurenlents were done in vacuunl on the
bridges after successive SWNT depositions. An increase in the
resonance frequency was observed which can be attributed to an
increase in the stiffness due to the surface incorporation of SWNTs. A
distinct logarithnlic gas desorption behavior of the CNTs was inferred
fronl the change in resonance frequency with tilne. Such logarithnlic
desorption behavior was not observed for uncoated bridges. A
maximum change of ~37.9% (effective modulus of 237 GPa for
B-doped Si) was inferred from resonance frequency changes.

SESSION 02: Characterizing Thin Films by
N anoindentation

Chair: Andrew Minor
Tuesday Morning, March 29, 2005

Room 2022 (Moscone West)

10:30 AM *02.1
Nanoindentation and Raman Microspeetroscopy Study of
Semiconductors and Ceramics. Yury Gogotsi, Departnlent of
Materials Science and Engineering, Drexel University, Philadelphia,
Pennsylvania.

In nlany applications of nlaterials, their surface experiences a contact
with another material and takes the external load before the bulk of
the nlaterial is influenced. Often, only the outernlost surface layer or
coating having the thickness fronl nanonleters to lnicronleters is
affected by the surface contact. This kind of loading has a very
significant nonhydrostatic conlponent of stress that nlay lead to
dranlatic changes in the nlaterial structure, such as anlorphization

and phase transfornlation. During contact interactions, when a hard
indenter (e.g., diamond) touches the surface of another hard material
(ceramic or semiconductor), very high pressures can be achieved
because the contact area in the beginning of the penetration of the
sharp indenter into nlaterial is snlall. These pressures can exceed the
phase transfornlation pressure for nlany nlaterials. Sinlultaneously,
processes of plastic defornlation, fracture and interactions with the
environnlent and counterbody can occur. The latter have been
described in nunlerous publications, but the processes of phase
transfornlations at the sharp contact were investigated only during
past decade and the data obtained have only recently been
sunuuarized [1]. Understanding and appreciation of phase
transfornlations induced by contact loading can help to understand
the nlechanisnls of wear, friction and erosion. A conlbination of
depth-sensing indentation and Ralnan spectroscopy is the nlost
powerful tool for studying phase transfonnations, danlage and
residual stresses induced by contact loading. The paper will describe
the use of nanoindentation and Ranlan nlicrospectroscopy to study
phase transfonnations and anlorphization that occur in ceralnics and
semiconductors. Reference: 1. High Pressure Surface Science and
Engineering, Ed. Y. Gogotsi & V. DOlnnich, Institute of Physics
Publishing, Bristol, UK, 2003

11:00 AM 02.2
Application of Depth-Sensing Macro/Nano Indentation and
Micro-FTIR Spectroscopy for Understanding; the Weathering;
Performance of a Coated Engineering Thermoplastic Blend.
Sanlik Gupta1 , Jan Lohnleijer2, Savio Sebastian1, Nisha Preschilla1

and Anlit Biswas 1
; IPolynlers and Synthetic Materials, GE India

Technology Centre, Bangalore, Karnataka, India; 2 Advanced
Materials, GE, BOZ, Netherlands.

Coatings are applied on engineering thernloplastics(ETP's) for
aesthetics and for protecting the bulk of the material from harsh
weathering environnlents. The degradation of nlaterial perfornlance
upon weathering typically starts fronl the surface and then proceeds
inwards to the bulk of the nlaterial. We have used a novel conlbination
of depth-sensing nlacro and nano-indentation and nlicro-FTIR
techniques to investigate the effect of weathering in a coated
ETP.Nano-indentation was used to study the nlechanical properties of
the coating upon weathering while lnicro-indentation provided insights
into the nlechanical perfonnance of the substrate in conlbination with
the coating.Weathering of organic coatings and substrates is
acconlpanied by chenlical changes, which can be nlonitered very
effectively by depth-dependent micro-FTIR spectroscopy. This unique
combination of depth-sensing indentation and micro FTIR
spectroscopy led to an understanding of not only the individual
contributions of the coating and the substrate, but also the interaction
of the two at the interface as a function of weathering exposure tinle.

11:15 AM 02.3
M"chHnicHl Characterization of Multilayer Thin Film Stacks
Containing Porous Silica Using Nanoindentaion and the
Finite Element Method. Ke Li ' , Raghu Mudhivarthi2

.3 , Roja

Gottinlukkala2.3 , Sunil Saigal 1 and Ashok Kunlar2.3 ; IDepartnlent of
Civil & Environnlental Engineering, University of South Florida,
Tanlpa, Florida; 2Departnlent of Mechanical Engineering, University
of South Florida, Tanlpa, Florida; 3Nanonlaterials and
Nanonlaunfacturing Research Center, University of South Florida,
Tanlpa, Florida.

Novel nletal/dielectric nlaterial conlbinations are beconling
increasingly inlportant for reducing the resistance-capacitance (RC)
interconnection delay within integrated circuits (ICs) as the device
dimensions shrink to the sub-micron scale. Efficient electric
connections require the use of metals with low resistivity and
dielectric materials with a low dielectric constant (K). Copper (Cu) is
believed to be one of the best choices for nletal interconnects, and
silica (Si02) has been cOlnnlonly utilized as an interlayer dielectric
nlaterial (with K = ,,-,3.9) in the industry. To iInprove the
perfornlance of high speed ICs, dielectric nlaterials with nluch lower
values of K are needed. One plausible way of achieving this goal is to
introduce air voids (porosity) into Si02. However, the increase of
porosity undermines the mechanical reliability of the dielectric layer
and hence the entire device. The objective of the current work is to
exanline the effects of porosity on nlechanical properties of a
multilayer thin film (Cu and Si02)-substrate (Si) system using
nanoindentaion and the finite elelnent (FE) lnethod. An FE nlodel is
first developed to simulate the nanoindentation of bulk Cu and Si02
sanlples. Once the nlodel is validated by conlparing the predicted
load-displacenlent curves with those obtained fronl experinlental tests,
a parametric study is performed by extending the FE model to the
Cui Si02/Si system with the porosity of Si02 and the thicknesses of
the two thin filnl layers as the controlling paranleters. Mechanical
properties such as loading-unloading behavior with respect to the
indentation depth, elastic nlodulus, and hardness are then obtained
from the FE simulations.
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11:30 AM 02.4
Model for the Indentation Size Effect Taking into Account
Nanoindenter Tip Bluntness. Ju-Young Kim ' , David T. Read2

and Dongil Kwan 1
; lSchool of Materials Science and Engineering,

Seoul National University, Seoul, South Korea; 2Materials Reliability
Division, National Institute of Standards and Technology, Boulder,
Colorado.

Nanoindentation is used extensively to 111eaSure the hardness of
l1Hl,t.erials. Hardness values are cOlnn1only observed to depend on
indentation depth, especially in the nanometer range, so that the
hardness value at a given depth is not the san18 as that at a different
depth. It is thus essential to characterize the variation in hardness
with indentation depth. An increase in hardness with decreasing
indentation depth, the well-known indentation size effect (ISE), has
been observed in nU111erOUS nanoindentation experin1ents on various
111aterials [1-2J. This increase is believed to be associated with the
geometrically necessary dislocations (GNDs) induced by imposed
strain gradients [3-41. Nix and Gao clarified the ISE for crystalline
111aterials by considering the GND density around a conical indenter
[5]. However, the Nix-Gao model uses an ideally sharp indenter tip
ge0111etry, while SOll18 degree of bluntness is inevitable at the tip of a
sharp indenter such as the Berkovich indenter generally used in
nanoindentation experinlents. Therefore, the Nix-Gao nIodel does not
c0111pletely describe the variation in hardness with indentation depth
for depths less than about 100 nm [5-7]. This issue is critical in the
ISE characterization of 111icr0111aterials, where the indentation depth is
limited. This study presents an improved ISE model that considers
both the effect of tip bluntness on the GND distribution needed to
aCC0l111110date a blunt-tip conical indenter and the change in the ratio
of plastic to total contact depth with contact depth. The ISE depends
on indenter tip shape since GNDs, the 111ain cause of ISE, are required
to aCC01111110date the surface inho111ogeneous plastic defornlation
caused by indentation. The actual indenter ge0111etry is not
self-sin1ilar because of tip bluntness, so the ratio of plastic to total
contact depth at shallow contact depths changes with contact depth.
We related these two tip-bluntness effects to parameters that are
easily observed in the nanoindentation test, allowing convenient
application of the present n10del. Nanoindentation experin1ents using
a Berkovich indenter were conducted on single-crystal, polycrystalline,
and an10rphous n1aterials at various contact depths. The results show
excellent agreen1ent of the present n10del with nanoindentation data,
including shallow contact depths. We also showed that the present
model leads to a reasonable characteristic relation for the ISE.
REFERENCES [1] Q. Ma and D.R. Clarke, J Mater Res 10, p. 853
(1995). [2] K.W. McElhaney, J.J. Vlassak, and W.D. Nix, J Mater Res
13, p. 1300 (1998). [3] N.A. Fleck and J.W. Hutchinson, J Mech Phys
Sol 49, p. 2245 (2001). [4] J.G. Swadener, E.P. George, and G.M.
Pharr, J Mech Phys Sol 50, p. 681 (2002). [5] W.O. Nix and H. Gao, J
Mech Phys Sol 46, p. 411 (1998). [6] Y. Wei, X. Wang, and M. Zhao, J
Mater Res 19, p. 208 (2004). [7] T.-Y. Zhang, W.-H. Xu, and M.-H.
Zhao, Acta Mater 52, p. 57 (2004).

11:45 AM 02.5
Characterizing Viscoelastic Behavior Using Nanoindentation.
Mark R. VanLandinghan1 l

, Thon1as F. Juliano l and Peter L. Drzal2;

1 Materials Division, U. S. Arn1Y Research Laboratory, Aberdeen
Proving Ground, Maryland; 2Building and Fire Research Laboratory,
National Institute of Standards and Technology, Gaithersburg,
Maryland.

Instrun1ented indentation, son1etin1es referred to as nanoindentation,
is increasingly being used to probe the n1echanical response of
polyn1eric n1aterials. In contrast to traditional engineering n1aterials
(i.e., metals and ceramics) to which indentation techniques have most
often been applied, the characterization of polYlners by a single
n10dulus or hardness values is often of lin1ited value because of their
viscoelastic nature. Additionally, polyn1ers often behave in a nonlinear
fashion at relatively small levels of strain, and their responses to
tension, cOlnpression, or shear can be quite different. Thus, a nUluber
of challenges exist to applying instrun1ented indentation n1ethods to
polyn1eric luaterials. In this presentation, the use of nanoindentation
to characterize polYlneric n1aterials is discussed, including quasi-static
(creep and stress relaxation) and dynamic methods of both glassy and
rubbery polyn1ers at roon1 ten1perature using a variety of tip
geon1etries. Data fron1 traditional solid rheon1etry n1easuren1ents are
con1pared to the indentation data. Current lin1itations and
opportunities for in1proven1ent will be discussed.

SESSION 03/BB2: Joint Session: Mechanical Behavior
of N anostructured Films

Chairs: Pet.er Anoerson ann Erica Lilleoooen
Tuesday Afternoon, March 29, 2005

]{oom 20I6 (Moscone West)

1:30 PM *03.1/BB2.1

Plastic Strength Maps for Metallic Multilayer Thin Films.
Peter M. Anderson, Dept of Materials Science and Engineeering, Ohio
State University, Columbus, Ohio.

Fron1 an engineering perspective, new classes of n1aterials benefit fron1
a knowledgebase fron1 which properties can be viewed as a function of
structure. For metallic multilayer thin films, such structural
paran1eters include the n1ultilayer period, volun1e fraction of phases,
interfacial properties between phases, and individual properties of
phases such as elastic n10duli and stress-free lattice paralneter. This
presentation discusses the developn1ent of plastic strength n1aps for
metallic A/B multilayer thin films. The maps are based on the
premise that bulk plastic yield occurs when dislocation loops are able
to percolate throughout the n1ultilayer thin filn1. A silnple assuluption
for percolation is that the filn1 is stressed and deforn1ed in tension
sufficiently to elin1inate con1pression in any of the alternating layers.
The resulting luaps predict contours of constant plastic strength for a
given AlB systen1, as a function of bilayer period and volUlne fraction
of phases. Two implications are that volume fraction may be a
relatively potent paralueter to increase plastic strength, particularly
in the "strength plateau" region at sn1all bilayer period. Second,
n1ultilayer thin filn1s are predicted to have a large asyn1n1etry in bulk
yield strength in tension versus compression, similar to bulk layered
con1posite n1aterials.

2:00 PM 03.2/BB2.2

Atomic-Scale Analysis of Strain Relaxation Mechanisms in
Ultra-Thin Metallic Films. M. Raul' Gungor and Dimitrios
Maroudas; Departn1ent of Chen1ical Engineering, University of
Massachusetts, An1herst, An1herst, Massachusetts.

Aton1ic-scale lllodeling based on lllolecular-dynaillics (MD) silnulation
provides a powerful n1eans for analyzing aton1istic n1echanisn1s of
strain relaxation in n1etallic thin fibns and enables the developn1ent of
constitutive equations for continuulll lllodeling of n1etallic thin-filn1
n1echanical behavior. The results of such n10deling are particularly
in1portant for n10del-based prediction of n1aterials reliability in
today's nanoscale electrolnechanical devices. In this presentation, we
report a cOlnprehensive con1putational analysis of the aton1istic
n1echanisn1s of strain relaxation and failure under a wide range of
applied biaxial tensile strain in free-standing Cu thin fibns with the
film plane oriented normal to the [111] crystallographic direction. The
analysis is based on isotheYlnal-isostrain MD sinnl1ations within an
embedded-atom-method (EAM) parameterization for Cu and using
slab supercells that contain n1illions of aton1S with and without
cylindrical voids norn1al to the fibll plane and extending throughout
the fibn thickness. Our analysis has revealed various regin1es in the
filn1 's n1echanical response as the applied strain level increases. After
an elastic response at low strain « 2%), plastic deforn1ation occurs
accon1panied by dislocation en1ission frolll the void and filn1 surfaces,
void surface n10rphological transitions, dislocation jogging, vacancy
generation by jogged dislocations, vacancy pipe diffusion along
dislocation cores, dislocation-vacancy and dislocation-dislocation
interactions, as well as fOYlnation and propagation of threading
dislocation loops. At the lower strain range following the
elastic-to-plastic defoYlnation transition « 6%), void growth is the
n1ajor strain relaxation n1echanisn1 n1ediated by en1ission of perfect
screw dislocation dipoles from the void surface and subsequent
dislocation propagation; as a result, a plastic zone forn1s around the
voio. At higher levels of applied strain (> 6%), a subsequent
transition to a new plastic deforn1ation regin1e gives rise to a
practically uniform distribution of dislocations in the metallic thin
filn1. Under such conditions, dislocations are elnitted fron1 the free
surfaces of the thin filn1 and inhibit void growth as the dislocations
emitted from the void surface are pinned by their interaction with the
sin1ultaneously generated dislocations fron1 the filn1 's surface. By
con1paring MD sin1ulation results in identical thin fibns with and
without voids, it is also den10nstrated that strain relaxation at high
levels of strain is not affected by an existing void in the metallic film.

2:15 PM 03.3/BB2.3

Deformation Mechanisms during Nanoindentation of Ultrafine
and Nanocrystalline Metals. Miao Jin l

, Andrew M. Minor2,
Daibin Ge2, Eric A. Stach3 and J. W. Morris, J 1.

'
: 1 Department of

Materials Science and Engineering, University of California, Berkeley,
Berkeley, California: 2National Center for Electron Microscopy,
Lawrence Berkeley National Laboratory, Berkeley, California; 3School
of Materials Engineering, Purdue University, West Lafayette, Indiana.

The plastic deforn1ation n1echanisn1s of n1aterials with grain sizes in
the nanoscale regime (1-500nm) are still largely debated. Recent
experin1ental results and cOluputational siluulations show that grain
boundary sliding and/or grain rotation can become dominant
deforn1ation n10des when grain sizes shrink to below son1e critical size
(on the order of 10 nm). In this work, we combine conventional ex situ
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nanoinnent.at.ion with in situ nanoinnent.ation in a TEM in orner t.o
gain insight into the relevant defonnation n1echanisn1S for
ultrafine-grained and nanocrystalline Al films. We will present
real-tin1e videos that show that stress-induced grain growth- resulting
fron1 grain boundary n1igration, grain rotation and grain coalescence­
is a conlnl0n occurrence in t.hese nHl,t.erials as the innent.ation
proceeds. Our results suggest that grain growth and coalescence in
these inherently nletastable nlicrostructures appear to be ilnportant
n10des of response in the defornlation of ultrafine-and nanograined
nlat.erials.

2:30 PM 03.4/BB2.4
In-Situ Peak Profile Analysis of Submicron Aluminum Thin
Films in Tension. D. S. Gianola I , S. Brandstetter2

, K. J. Henlker I ,
A. Cervellino 2 and H. Van Swygenhoven2

j IMechanical Engineering,
Johns Hopkins University, Baltilnore, Maryland; 2Paul Scherrer
Institute, Villigen, CH-5232, Switzerland.

Mechanical properties of n1etals are altered when scaling down salnple
din1ensions to the nlicron scale and/or structural length scales (for
instance grain size) to the nanonleter scale. In order to study the
defonnation behavior while concurrently sanlpling infonnation on the
structural changes in a nlaterial, a novel in-situ tensile testing
technique that uses synchrotron X-rays to track the Bragg peaks
during the evolution of straining is utilized. This experinlent has been
developed at the Swiss Light Source and uses a nlicrostrip detector
that covers an angular range of 60°, allowing for the nleasurenlent of
several diffraction peaks at once during defonnation. The specinlens
are fabricated using MEMS-inspired processes on Si wafers such that
the freestanding filnls span across a rigid Si franle, which alleviates
challenges associated with handling of fragile sanlples. Al is deposited
by pulsed DC-magnetron sputtering onto the Si substrate to yield
high-purity specimens. Free standing thin films of thicknesses of 200
and 400 nn1 with lllean grain sizes of approxinlately 40 and 90 nlll,
respectively, are defonned during tensile load-unload and stress
relaxation cycles. The lnechanical behavior is represented by nleans of
tensile lneasurenlents of yield stress, UTS, total strain and activation
volunle. The peak broadening in tenns of applied stress and a careful
TEM characterization of the thin filIns before and after defornlation
reveal the underlying defonnation lnechanislns in subillicron thin
films. The peak shift in terms of the applied stress allows the
deternlination of Young's nlodulus. The results will be discussed in
ternlS of both thickness and grain size.

2:45 PM 03.5/BB2.5
Behavior of Individual Grains in Nanocrystalline Ni during
Deformation. Zhiwei Shan I , Eric Stach2, Janles K napp3, David
Follstaedt3 , Jorg Wiezorek4 and Scott Mao I ; I Mechanical
Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania;
2National Center for Electron Microscopy, Lawrence Berkeley
National Laboratory, Berkeley, California; 3The Physical, Chenlical
and Bionlolecular Sciences Center, Sandia National Laboratories,
Albuquerque, New Mexico; 4Materials Science and Engineering,
University of Pittsburgh, Pittsburgh, Pennsylvania.

The dynanlic behavior of individual grains in nanocrystalline Ni
during defonnation has been studied by in situ tensile straining,
bright-field translnission electron lnicroscope and lnicro beanl electron
diffraction observations under low local strain rate. It was found that
grain boundary nlediated processes contributed proillinently to plastic
deforn1ation, as predicted by theoretical consideration as well as
n10lecular dynmnics silnulations for ductile nletals with a grain size
below a critical value. Moreover, it was found that interiors of
nano-sized grains experience severe lattice distortions during the
defornlation. This observation apparently challenges the generally
invoked assunlption that interiors of nano-sized grains behave as a
rigid body during defornlation. Based on our experinlental TEM
observations as well as other recently reported experinlents results, a
unifying picture for the unusual defornlation nlechanisnl for
nanocrystalline face-centered-cubic nletals is proposed. Sandia is a
nlulti-progranl laboratory operated by Sandia Corporation, a
Lockheed Martin Company, for the United States Department of
Energy's National Nuclear Security Adnlinistration under Contract
D E- AC04-94AL85000.

3:30 PM 03.6/BB2.6

Grain Agglomeration in Nanocrystalline Ni. Zhiwei Shan ' ,
David Follstaedt2, Jalnes K napp2, Eric Stach3, Jorg Wiezorek4 and
Scott Maol ; IMechanical Engineering, University of Pittsburgh,
Pittsburgh, Pennsylvania; 2Physical and Chelnical Science Center,
Sandia National Laboratories, Albuquerque, New Mexico; 3School of
Materials Engineering, Purdue University, West Lafayette, Indiana;
4Materials Science and Engineering, University of Pittsburgh,
Pittsburgh, Pennsylvania.

Tensile to fracture of full dense nanocrystalline metals often exhibit a

dinlple nlorphology at the fracture surface with characteristic dinlple
sizes nluch larger than that of the average grain size. By exploring in
situ tensile transillission electron lnicroscopy tests on high quality,
free stranding nanocrystalline Ni filnls with an average grain size of
ahout 10nlu, it was found grain agglonlerates fornled very frequently
and rapidly in many locations apparently independently of one
another through collective rearrangenlents of groups of neighboring
grains under influence of the applied stress. Guided by the changes
documented in the Ni films during the in situ TEM tests, we propose
that the dimple structures observed on fracture surfaces could result
fronl the collective nlotion of those newly fornled agglonlerates and
those pre-existed "nano dOlllains". Inlplications of the dynanlic TEM
observations as well as the proposed interpretation on the strength
and ductility of nanocrystalline nlaterials are discussed. Sandia is a
nlulti-progranl laboratory operated by Sandia Corporation, a
Lockheed Martin Company, for the United States Department of
Energy's National Nuclear Security Adnlinistration under Contract
DE-AC-94AL85000.

3:45 PM 03.7/BB2.7

Characterization and Mechanical Behavior of Cu/Cu
Nano-Laminates. Andrea Maria Hodge1.2, Y. Morris Wang1.2 ann

Troy W. Barbee Jr. l ; IChenlistry and Materials Science, Lawrence
Livernlore National Laboratory, Livernlore, California; 2Nanoscale
Synthesis and Characterization Laboratory, Lawrence Livernlore
National Laboratory, Livernlore, California.

The development of atomic level deposition of layers has allowed the
fabrication of free-standing nano-Ialninates, also known as n1ultilayers.
These nlultilayers incorporate the structural advantages of both
con1posites and nano-crystals, which nlakes thenl candidates for a
wide range of applications. In this talk, we will concentrate on high
purity (99.999%), fully dense, free-standing Cu/Cu nano-laminates,
produced by DC lnagnetron sputtering, and conlposed of
nanonleter-sized layers of Cu with thickness ranging fronl 1.2 nlll to
43.6 nn1. The nlacroscopic thickness of the nano-Ianlinate sanlples was
rv25 nlicrons, which, depending on the layer thickness, contained fronl
520 to 18,000 layers. The nano-laminates were characterized by depth
sensing nanoindentation and Vickers lnicrohardness on their top and
botton1 surfaces (nonnal to the layering) and parallel to the layers.
These tests showed hardness values on the order of 2.5 to 3.0 GPa, a
substantial increase in strength over conventional polycrystalline Cu.
Our results present a trend towards a Hall-Petch plateau for grain
sizes below 10nnl. This result differs fronl previous work on
nanocrystalline luaterials synthesized using other technologies with
grain sizes less than 10 nnl, which showed a trend towards a reverse
Hall-Petch behavior. Extensive plan view and cross-section
transnlission electron nlicroscopy (TEM) denlonstrates the
nanocrystallinity of the Cu/Cu nlultilayers as well as extensive
twinning. This allows us to conlpare the effects on grain size and
twinning by individual layer thickness and to relate this to the
hardness and yield strength of these Cu/Cu nano-Ianlinates. This
work was performed under the auspices of the U.S. Department of
Energy by University of California, Lawrence Livernlore National
Laboratory under contract of No.W-7405-Eng-48.

4:00 PM 03.8/BB2.8
Mechanical Properties and Deformation under Nanoindents
in Metal/Nitride Nanoscale Multilayers. Gregory Abadias ' ,

Yau-Yau Tse1
, Anny Michell, Christophe Tron1as l and Sergey N.

Dub2 ; 'Laboratoire de Metallurgie Physique, UMR 6630, Universite
de Poitiers, Futuroscope-Chasseneuil, France; 21nstitute of Superhard
Materials, Kiev, Ukraine.

Mechanical behavior and stability of thin filnl structures consisting of
alternating nanolayers have been the subject of great research activity
over the past decade due to the technological ilnpact of such
nanoscale systenls, but also to understand the plastic nlechanisnls
operating at sluall-scales. Enhancelnent of hardness and tensile
strength as compared to the rule of mixture values for their bulk
phase counterparts have been reported in a large variety of systeills.
These include the case of isostructural, lniscible nletal/nletal or
nitride/nitride lnultilayers, but also non-isostructural and inlnliscible
systems, such as Mo/NbN or W /NbN. However, the exact
defonuation nlechanisnls operating under nanoindentation tests
(dislocation pileups, dislocation nlotion within individual layers, grain
boundary sliding... ) have not been clearly established. In particular,
the case of nanolayers combining elastically soft metal (Cu, Ag, ... )
and hard nitride (TiN) layers remains to be investigated. The present
study reports new data on the structure and nlechanical properties of
such nanoconlposite nlultilayers. Three nanolayered systeills, naillely
TiN/Cu, TiN/Ag and TiN/W, corresponding to different crystal
structure and lattice nlisnlatch cOlnbinations, have been considered.
They were deposited at roon1 ten1perature using a dual-target ion
beam sputtering in Ar-N2 mixtures, on Si wafers and MgO(OOl)
substrates. The bilayer period -*lanlbdaup*- was varied between
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2.5 and 50 nm and the total film thickness was equal to ~0.2 I-'m.
Low-angle and high-angle X-ray diffraction experin1ents as well as
'rEM observations were used to characterize the 111icrostructure and
crystalline orientation, structure of interfaces and type of growth
defects. Mechanical properties were studied by nanoindentation tests
using a Berkovich tip and coupled with Atomic Force Microscopy
surface observations around the indents. Also, a combined FIB-TEM
technique was in1plen1ented to in1age the deforn1ed nanolan1inates
beneath the indentor. In all systems, low-angle XRD patterns
exhibited a large nU111ber of superlattice reflections, attesting the good
reproducibility of the stacking along the growth direction. For the
TiN/Cu system, a cube on cube epitaxial growth with semi-coherent
interfaces was observed. Detailed analysis of the hardness values vs.
contact depth ratio gave access to the intrinsic filn1 hardness. No
enhancement of hardness was found for the case of Cu/TiN and
Ag/TiN over the rule of mixtures values, in contradiction with
predictions of existing theoretical models. A visco-elastic behavior is
rather suggested. The different 1118chanical behavior are discussed in
tern1S of filn1 111icrostructure, presence of residual stress and influence
of interfacial structure.

4:15 PM 03.9/BB2.9
Thermal Plasma Chemical Vapor Deposition of Superhard
Nanocrystalline Silicon Carbide Films. Steven L. Girshick ' , Feng

Liao 1
, Willian1 M. Mook2

, Michael R. Zachariah 3 and Willian1 W.
Gerberich 2

; IMechanical Engineering, University of Minnesota,
Minneapolis, Minnesota; 2Chelllical Engineering and Materials
Science, University of Minnesota, Minneapolis, Minnesota;
3Mechanical Engineering, University of Maryland, Minneapolis,
Maryland.

Superhard nanocrystalline silicon carbide filn1s were deposited using
thern1al plasl11a chen1ical vapor deposition. Silicon tetrachloride vapor
and 111ethane were injected into an argon-hydrogen plas111a generated
by radio-frequency (RF) inductive coupling. The flow rates were as
follows: argon, 42.5-60 sln1; hydrogen, 0.5-2.5 sln1; silicon
tetrachloride, 68-140 sccn1; and n1ethane, 80-140 sccn1. The plasn1a
issued from the RF torch into a chamber maintained at a pressure of
33.3 kPa. Molybdenun1 substrates were n10unted on-axis and norn1al
to the flow. Substrate temperatures ranged from 750-1250 C.
Deposition rates were extren1ely high, ranging up to approxin1ately
900 n1icrons/h, as n1easured by n1icron1eter, for silicon tetrachloride
flow rates of 140 sccn1. Scanning electron n1icroscopy in1ages of filn1
cross sections showed colun1nar growth, while the filn1 top surfaces
were characterized by hemispherical balls that were composed of
nanocrystalline grains. The grain size as detern1ined fron1 X-ray
diffraction (XRD) using the Warren-Averbach n1ethod ranged fron1
4-27 nm. XRD showed the films to consist of the cubic phase, 3C-SiC,
with a pronounced (111) orientation. For substrate telnperatures
above 1100 C the XRD peak associated with (200) was additionally
observed. RBS Ineasuren1ents indicated that the filn1s were in n10st
cases close to stoichiometric SiC. Analysis of the XRD spectra
suggested that the films consisted of SiC nanocrystallites in an
an10rphous SiC n1atrix, with the degree of crystallinity ranging fron1
40-100 percent. Neither XRD nor Raman spectroscopy indicated the
presence of a dian10nd phase. N anoindentation was used to n1easure
the fihn hardness, n10dulus and fracture toughness. Two different
nanoindenters were used, a Hysitron TriboIndenter and an MTS Nano
Inoent.er XP. Measurements were made both of film cross sections and
of filn1 top surfaces, in both cases first polishing the surfaces. The
hardest filn1 n1easured had average hardness values for indentations
into the cross section of 51 GPa and 56 GPa, as measured by the
Hysitron and the MTS instruments, respectively, and 48 GPa for
top-down indentation (MTS), with n10dulus values around or slightly
above 500 GPa. Several other films tested also had hardness values in
the superhard range, above 40 GPa. In general we found a strong
correlation between the hardness and the substrate temperature, with
the superhard films being deposited at temperatures above 1100 C.
The grain size for these films lay in the range 6-20 nm, ann t.he
fractional crystallinity was in n10st cases in the range 80-85%.
Fracture toughness was detern1ined for several filn1s using Vickers
indentation of the polished top surface. Measured values ranged up to
4.8-4.9 MPa-m1/2. These films are much harder than standard SiC
(about 28 GPa). A detailed investigation of the cause of these
exceptional n1echanical properties is currently in progress.

4:30 PM 03.10/BB2.10
Thermal Plasma Chemical Vapor Deposition of Superhard
Nanostructured Si-C-N Coatings. Nicole J. Wagner l

, Megan

Cordi1l 2
, Lenka Zajickova ' , Joachim V. R. Heberlein ' and William W.

Gerberich2; IMechanical Engineering, University of Minnesota,
Minneapolis, Minnesota; 2Cheluical Engineering and Materials
Science, University of Minnesota, Minneapolis, Minnesota.

Materials that protect against erosion, wear, and other hannful
degradation are of great interest for various industries to coat, for

exan1ple, autonl0tive engine parts and 111achining tools. Superhard
nanostructured con1posite coatings offer enhanced n1echanical
properties that would reduce and possibly eliminate the necessity of
costly and hazardous coolants for such applications. While many
methods to produce such materials exist, the thermal plasma chemical
vapor deposition (TPCVD) process allows the possibility of using
versatile n1ultiphase reactants and producing a controllable filn1
structure at high growth rates. In this study, a triple torch plasma
reactor was used to synthesize nanostructured Si-C-N composite films
via the TPCVD process. The argon-nitrogen plasn1a provided aton1ic
nitrogen to the multiphase reactants. Carbon- and silicon-based
reactants were injected through a central injection probe and ring
configuration at flow rates ranging fron1 0.01-0.20s1n1. The deposition
pressures ranged fron1 100-200Torr and the substrate ten1peratures
fron1 900-1400° C. Con1parisons are n1ade between variations of the
carhon-haseo reactant.s (methane and acetylene), silicon-based
reactants (silicon tetrachloride and hexamethyldisilazane), and the
substrate material (silicon and molybdenum) and pretreatment
(roughening and carbonization). The advantages for using each
reactant in the gas nlixture were investigated. While the depositions
made on molybdenum substrates appeared more uniform than those
on silicon, the adhesion of the filn1s was reduced. Micro X-ray
diffraction was used to verify the presence of silicon nitride, silicon
carbide, carbon nitride and carbon in the filnls. Both a-Si 3 N 4 and
;3-Si3 N 4 diffraction peaks were seen to be dominant for most of the
depositions. The bonding of alnorphous phases was investigated using
Fourier transforn1 infrared spectroscopy. Although Inany possibilities
of bonding existed for this Si-C-N-H systeln, infrared bands indicated
the presence of N-H, Si-H and C:=N or C:=C in various films.
Indentation tests were conducted on the polished film cross-sections
and surfaces to detennine the hardness and elastic n10dulus of the
depositions. Large variations in nlechanical properties were observed
for n1inor changes in filn1 con1position. In addition, the substrate
ten1perature has a significant effect on n1echanical properties.
Correlations between indentation results and scanning electron and
optical nlicroscope inlages showed that the nlechanical properties
greatly depend on the filnl nlorphology; the denser, snloother, and
n10re crystalline filn1s tended to display enhanced n1echanical
properties. Acknowledgements: Funding provided by the Department
of Energy Grant No. DE-FG02-85ER13433 A015, the National Science
Foundation Integrated Graduate Education and Research Traineeship
Grant No. DGE-0114372, and the National Science Foundation North
Atlantic Treaty Organization Postdoctoral Fellowship Grant No.
DGE-0312210.

4:45 PM 03.11/BB2.11
Depth Profiling of Mechanical Properties on the Nanoscale of
Single Layer and Stepwise Graded DLC Films by
Nanoindentation and AFM. Carlos Ziebert, Sven Ulrich, Michael
Stueber and Helmut Holleck; Institut fuer Materialforschung I,
Forschungszentrun1 Karlsruhe, Karlsruhe, Gennany.

The stepwise graded layer concept adjusts a graded constitution of
the growing filn1 by a stepwise increase of the ion energy, i.e. the bias
voltage, during n1agnetron sputtering [IJ. In order to optin1ise this
concept, which has been developed to nlanage the high internal
stresses of thick diamond-like carbon films (DLC), a depth profiling of
the n1echanical properties particularly in the interface regions between
the layers sputtered with different bias voltage is extremely
important. The deposition started with a bias voltage of 0 V to
initiate a high adhesion of the growing filn1. Then the bias voltage was
increased stepwise to -150 V and finally to -300 V to produce a hard
filn1 surface. To investigate the influence of the thicknesses of the
three graded layers on the thickness of the interface regions different
layer deposition tinle characteristics and thus thickness ratios of the
three graded layers were adjusted. When the load variation
nanoindentation nlethod was used, where the indenter probes deeper
and deeper regions of the san1ple by increasing the applied load, the
depth profile becon1es sn1eared because of the con1bined n1echanical
behaviour of the filn1 and the hard n1etal substrate. However, by using
the small angle cross-section nanoindentation method (SACS) it was
possible to record depth profiles of the hardness, the elastic modulus
and the yield stress with nanonleter resolution and to investigate the
evolution of these nlechanical properties with increasing annealing
ten1perature. In this n1ethod the area on the differently graded layers
is drastically enlarged by preparing a cross-section under a very snlall
angle of about 0.02 to 0.15 and o the distance travelled by the
nanoindenter is translated into depth infornlation using a sinlple
geonletric fornlula. It was revealed that the thickness of the interface
regions is n1ainly detern1ined by the thickness ratio of the graded
layers. In addition changes in fracture and crack propagation
behaviour of single and stepwise graded DLC filnls have been
investigated by nano- and n1icroindentation using a Berkovich
indenter and ex-situ AFM-in1aging with respect to ion bon1bardn1ent
during sputter deposition and the thickness of the interface regions
between the graded layers. Future research will be focused on
optin1ising the interfaces between the graded layers to further enhance
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the ten1perature stability, the n1axin1un1 achievable thickness and the
fracture toughness. Therefore additional theoretical and experimental
studies will be needed to improve the understanding of the behaviour
of mechanical layer properties across interfaces. [1] H. Holleck and M.
Stueber, Method of n1anufacturing a con1posite n1aterial structure,
US Patent No.6, 110, 329 (2000); EU Patent No. EP 0912774Bl (2002).

SESSION 04: Poster Session: Mechanical Properties of
Thin Filn1s - Testing and Analysis

Chairs: Thon1as Buchheit, Andrew Minor, Ralph
Spolenak and Kazuki Takashin1a

Tuesday Evening, March 29, 2005
8:00 PM

Salons 8-15 (Marriott)

04.1
Experiments on the Elastic Size Dependence of LPCVD
Silicon Nitride. Yuxing Ren and David C. C. Lam; Mechanical
Engineering, HKUST, Hong Kong, China.

In classical elasticity, geon1etric dependence of the rigidities can be
norn1alized and the nonnalized rigidities are size independent. Recent
experin1ental observations showed significant elastic size effect in
norn1alized bending rigidity in Inicron scale epoxy bealns. Size effect
in elastic behaviors can be described by surface stress theories and
strain gradient elasticity theories. Surface effect on elastic properties
is significant in nanOineter scale, but recognized to be negligible in
n1icron scale. The observed size effect in n1icron sized epoxy bean1s
was found to agree with strain gradient elastic n10dels. Besides epoxy
filn1s, effort is underway to characterize strain gradient behaviors in
other material systems. Silicon nitride thin film is a widely used film
in MEMS. COlnprehensive understanding of the elastic deforn1ation
behaviors of silicon nitride thin fihns is essential for design and
analysis of MEMS structures. In this investigation, subn1icron thick
LPCVD silicon nitride thin films were fabricated. XPS and XRD
analyses were conducted to detern1ine elen1ental and n1icro-structural
consistency of the as-fabricated thin filn1s. XPS analyses showed
elen1ent con1positions were sin1ilar in filn1s with different thicknesses.
However, XRD analyses revealed that films had different crystalline
phase fractions. Cantilever bean1s were fabricated fron1 the filn1s and
elastic bending tests on the bean1s were conducted using nanoindenter
to investigate the elastic bending behaviors of the filn1s as a function
of thickness. Analyses showed that beams with different thickness had
fluctuating norn1alized bending rigidities. The fluctuations of
norn1alized bending rigidities n1aybe related to varying crystalline
phase fractions in the thin filn1s. The bean1s were annealed and
bending tests were conducted to investigate possible correlation
between norn1alized bending rigidity fluctuations and crystalline phase
fractions. Bending tests results showed sin1ilar level of fluctuations in
norn1alized bending rigidities before and after annealing while XRD
results of the annealed filn1s showed increase in crystalline phase
fractions for all thicknesses. This suggested crystalline phase fraction
cannot be correlated with the fluctuations in norn1alized bending
rigidities of the bean1s. Error analyses of experin1ent setup, geon1etries
of the bean1s and data analysis were conducted. The fluctuations in
nonnalized bending rigidity in different thickness were within the
error range. While LPCVD silicon nitride Inay have size dependence
in the nanon1eter scale, size dependence of nonnalized bending rigidity
of LPCVD silicon nitride appears to be insignificant in subn1icron
scale. Design of silicon nitride MEMS structures can be modeled with
conventional elasticity without considerations for size effects.

04.2
Correction of Film Thickness Measurement using Numerical
Simulation and Semi-Empirical Models of Indentation.
Halned Lakrout l and Greg F. Meyers2

; 1 Materials Research, The Dow
Chelnical COlnpany, Midland, Michigan; 2Analytical Sciences, The
Dow Chemical Company, Midland, Michigan.

Filn1 thickness is a critical input to evaluate coating properties such
as dielectric constant for low-k n1aterials. Mechanical filn1 thickness is
often en1ployed for this n1easureinent by first scratching the fihn and
then profiling its thickness. A n1aterials science-based n1ethod for
understanding and prediction of the precision and accuracy of
n1echanical thickness n1easuren1ent is needed. In the case of thin filn1
dielectrics, the n1easureinent involves contact n1echanics between a tip
of known shape and a fihn surface under a prescribed load. Prior
studies have shown that there is a load dependent thickness reduction
when n1easuring the thickness of an elasto-plastic coating on silicon
wafer substrates. A Hertz linear elastic analysis can explain general
trends. In this work, we have achieved a better understanding using
nun1erical silnulations and sen1i-en1pirical n10dels fron1 the literature.
A series of indentation experin1ents has been perforn1ed on a SiLK*
Senliconductor Dielectric filn1 covering a large series of thickness with
a wide range of loads using a KLA-Tencor P-15 stylus profilometer.

An indentation model has been designed in ABAQUS!Q, hased on t.he
tensile n1aterials properties of the coating. Experin1ental data and
nun1erical sin1ulations are con1pared to analytical selni-elnpirical
n10dels in which the thickness effect is interpreted as a variable
effective modulus. We find that there is a good match between the
predictive model and the experiments at low loads wit.h some
discrepancies at higher loads. Nun1erical and analytical n10dels
currently available in the literature do not accurately reproduce
elasto-plastic mat.erials mechanical behavior. *Tradema.rk of The Dow
Chen1ical Con1pany

04.3
Evolution of Wrinkles in a Compressed Elastic Film on a
Viscoelastic Layer. Rui Huang and Se Hyuk In1; Departn1ent of
Aerospace Engineering and Engineering Mechanics, University of
Texas, Austin, Texas.

This paper develops a theoretical model for wrinkling of an elastic
filn1 on a viscoelastic layer. The filn1 is elastic and subjected to a
con1pressive residual strain. The viscoelastic layer is sandwiched
between the filn1 and a rigid substrate. The nonlinear von Karn1an
plate theory is employed to model the film, and a thin-layer
approximation is adopted for the viscoelast.ic layer. The stability of
t.he system and the kinetics of wrinkle evolution are studied first by a
linear perturbation analysis and then by nlll11erical sin1ulations, both
for plane strain defonnation only. Three stages of evolution are
identified: initial growth of the fastest growing nlode, interInediate
growth with n10de transition, and finally an equilibriun1 state. The
results qualitatively agree with experiInental observations with a
n1etal filn1 on a polyiner layer.

04.4
Effect of Residual Stress on Nanoindentation Behavior of
Materials. Zhi-Hui Xu and Xiaodong Li; Departn1ent of Mechanical
Engineering, University of South Carolina, Colun1bia, South Carolina.

The existence of residual stress in Inaterials has a large influence on
the nanoindentation behavior of Inaterials. Residual stress changes the
piling-up or sinking-in behavior of Inaterials, which is nOrInally
dependent on the lnechanical properties of n1aterials. In this paper,
two-din1ensional finite elen1ent siInulation has been carried out to
investigate the effect of the existing residual stress on the indentation
behavior of elastic-plastic strain-hardening Inaterials with different
elastic n10dulus/yield strength ratios and strain-hardening exponents.
Biaxial stresses have been applied to the finite element model. The
variation of the ratio of the elastic recovery to the n1axin1unl
penetration depth with the applied st.resses has been studied. It is
found that the elastic recovery to the Inaxinlun1 penetration depth
ratio, which is an experiInental paran1eter that can be directly
detern1ined fron1 the unloading curve of indentation, is very sensitive
to the changes of the contact area of indentation caused by the
residual stresses. The elastic recovery to the n1axin1unl penetration
depth, which has a linear relationship with the residual stresses,
increases with the increasing con1pressive residual stress and decreases
with the increasing tensile residual stress. This relationship n1ay
provide a useful way for the detern1ination of residual stress by
nanoindentation testing.

04.5
Thermomechanical Behavior and Properties of Passivated
PVD and ECD Cu Thin Films. M. Gregoire", S. Kordic 2

, P.

Gergaud 3
, O. Thon1as3 and M. Ignat4

j lSTMicroelectronics, Crolles2
Alliance, Crolles, France; 2Philips Seiniconductors, Crolles 2 Alliance,
Crolles, France; 3University of Aix-Marseille III, TECSEN-UMR
CNRS, Marseille, France; 4Institut National Polytechnique of
Grenoble, LTPCM-UMR CNRS, Saint Martin d'Heres, France.

Copper thin films fabricated using Physical Vapor Deposition (PVD)
and Electrochemical Deposition (ECD) are widely used in modern
n1icroelectronic industry. It is well known that high internal stresses
in such fihns can lead to in1portant failure n1echanisn1s such as
spontaneous cracking and interfacial delan1ination [1]. In addition,
filn1 properties such as texture and grain size are significant to
electron1igration and stress voiding behavior [2J. Therefore, prediction
and in1proveinent of thin fihn reliability require detailed knowledge of
filn1 stresses and fihn n1echanical behavior. However, up until now the
vast majority of studies deal with e-beam sputtered Cu films, which
are hardly used nowadays in nlodern IC Inanufacturing, while the
thickness of these films does usually not exceed 1 f.Lm [3, 4]. In t.his
paper, thern10Inechanicai properties and behavior of self-annealed
blanket Cu films are discussed. These films are deposited using
standard IC PVD and ECD techniques, and the thickness ranges fron1
0.45 J-tn1 to 1.95 J-tin. Furthennore, these fihns are passivated with a
standard SiCN dielectric layer. The impurit.y content of the Cu ECD
films is also modified. Wafer curvat.ure, SIMS, EBSD, and XRD
n1easuren1ents are presented. It is observed that at lower Cu fihn
thicknesses there is an IIanoinalousllshape of the stress-telnperature
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hysteresis loop [51, which is not present at higher film thicknesses.
Also, the presence of impurities at the PVD and ECD interface
decreases the "anomalous" shape of the hysteresis loop. It is observed
that repeated thermal cycling of up to 400°C does not markedly
change the texture of these self-annealed filn1s. In addition, eu grain
size 111eaSUren18nt results will be presented as a function of thern1al
cycling, and the grain size is discussed as a function of filn1 thickness.
[1] W. D. Nix, Metall. Trans. A 20A, 2217 (1989) [2] S. Kordic, R. A.
M. Wolters, am] K. Z. Troost, J. of Appl. Phys. 74, 5:l91 (1993) [3] .T.
B. Shu, S. B. Clyburn, T.E. Mates, and S. P. Baker, J. Mat.er. Res. lR
(9),2122 (2003) [4] Y. L. Shen and U. Ramamurty, J. Vac. Sci.
Technol. 1:3 21 (4),1258 (2003) [5] S. P. Baker, R.-M. Keller-Flaig, and
J. B. Shu, Acta. Mater. 51, 3019 (2003)

04.6
A Model for Curvature in Epitaxially-grown
Heterostructures. Ganesh Vanan1u 1

, Tariq A. Khraishi2 and

Abhaya K. Datye ' ; 'Chemical and Nuclear, University of New
Mexico, Albuquerque, New Mexico; 2Mechanical Engineering
Depart111ent, University of New Mexico, Albuquerque, New Mexico.

Growth of lattice mismatched films creates bending in the whole
structure. There has been great interest in the study of these
curvatures in epitaxially-growl1 111ateriais. First, stress and strain
fields can be detennined using curvature nleasurenlents of the
nlultilayered systenl. Second, there is a need to decrease the curvature
in a heterostructure as it could pose a problenl for device fabrication.
An analytical solution for the radius of curvature produced by stresses
developed in growing lattice lllislllatched lllaterials has been obtained.
The analyses were based on bealll bending theory and strain
partitioning theory introduced by our group earlier [1]. The
expressions for radius of curvature were obtained for a two-layer
heterostructure. The variation of the radius of curvature with the
relative thicknesses, relative lattice constants, ann relative elastic
constants of the layers was deternlined. A specific application of the
model to a SiGe system is provided. The model was verified by
applying it to a synlnletric tri-Ianlinate structure. The above nlodel
can also be extended to deternline the curvature for nlulti-Iayered
heterostructures. REFERENCES: 1. D. Zubia, S. D. Hersee, T. A.
Khraishi, Appl. Phys. Lett. 80, 740 (2002).

04.7
Investigation of Thin Film Elastic Properties by in situ
Tensile Testing in a X-Ray DiffractolTIeter. Danlien Faurie,
Pierre-Olivier Renault, Eric Le Bourhis and Philippe Goudeau;
Laboratoire de Metallurgie Physique, Universite de Poitiers,
Futuroscope-chasseneuil, France.

Polycrystalline thin solid films exhibit physical, chemical and
nlechanical properties which can differ fronl their bulk counterparts.
Thin films elaborated by physical vapour deposition can possess a
nlicrostructure with high volunle proportion of surface and interface
atonls, high defect density and preferential orientation (texture). This
particular nlicrostructure nlay induce noticeable nlodifications of the
elastic properties. Moreover, because of the typical thickness of solid
filnls, dedicated testing techniques with a snlall probe size have to be
developed to study the mechanical properties. Therefore, we have
developed an in situ tensile tester in a four-circle gonionleter on
DW22 beam line (LURE facility, France) [1]. The X-ray strain
analysis is based on the classical sin2w nlethod, which has been
extended here to strongly textured thin films that are composed of
elastically anisotropic nlaterials, using the crystallite group nlethod.
Prelinlinary works allowed us to detennine elastic constants of 700 nnl
thick gold films deposited onto polyimide (Kapton) substrate. We
discuss the grain-interaction nlodels, appropriated to the diffraction
strain analysis of textured thin gold films. ref [1] P.-O. Renault, E. Le
Bourhis, P. Villain, P. Goudeau, K.F. Badawi, D. Faurie, Applied
Physics Letters 83 (2003) 473

04.8
A Microtensile Set-up for Characterising the Mechanical
Properties of Thin Films. Brigita Cyziute l , Liudvikas Augulis1

,

Joel Bonneville2, Philippe Goudeau2 , Sigitas Tanntlevicius 1 and

Claude Telnplier2; lphysics, Kaunas University of Technology,
Kaunas, Lithuania; 2physics, University of Poitiers, Futuroscope
Chasseneuil, France.

A conlputer control defornlation set-up has been specifically
developed for nleasuring the elastic and plastic properties of thin
filnls. It cOlnbines a piezo-actuated nlicrotensile testing device, based
on an original tripod design, with an optical inlage acquiring and
analysis systenl to nleasure specinlen elongation. The displacenlent
field is deternlined by using the digital inlage correlation nlethod. A
nlain advantage of using this technique is that no patterning or
nlarking of the specinlen surface is needed. Displacelnents can be
nleasured at various spots of the fihn surface, which in practice allows
for the evaluation of the Young's nlodulus and Poisson's ratio. Tensile

forces are directly measured with a miniature load cell. Deformation
experilnents are perfonned at constant strain-rate with a precise
nlonitoring of the voltage ranlp applied to the piezo-actuator. The
paper will be partly devoted to present the experimental set up.
Prelinlinary tensile tests have been carried out on 10 nlicrOlneters
thick alunliniunl sheets of conlnlercial purity and on polynler foils
with thickness of 50 and 75 nlicrolneters. The Young nl0duli, which
are deduced fronl the stress-strain curves, are in fair agreelnent with
reported bulk average values. The results confirmed the ability of the
equipment for the measurements of very small load and displacement
levels, which are a prerequisite for such type of investigations. Work is
in progress to use this nlicrotensile set up for studying the nlechanical
properties of free standing thin filnls of pure copper, as well as
aluminium coated polymer foils. Particular attention will be paid to
actually characterise the transition between lnicro- and nlacro-plastic
donlain by perfonning transient tests for evaluating the corresponding
activation paranleters.

04.9
Characterization of Stress Relaxation, Dislocations and
Crystallographic Tilt Via X-ray MicrocliffrHction in
GaN(OOOl) Layers Grown by Maskless Pendeo-Epitaxy.
Rozaliya I. Barabash1, Gene E. Ice l , Wenjun Liu 1, Sven Einfeldt2,

Detlef Hommel2
, Amy M. Roskowski3 and Robert F. Davis3 ; 1 Metals

and Ceranlics Div., Oak Ridge National Laboratory, Oak Ridge,
Tennessee; 2Institute of Solid State Physics, University of Brenlen,
Brelnen, Gernlany; 3Departnlent of Materials Science and
Engineering, North Carolina State University, Raleigh, North
Carolina.

Intrinsic stresses due to lattice nlisnlatch and high densities of
threading dislocations and extrinsic stresses resulting fronl the
nlisnlatch in the coefficients of thernlal expansion are present in
almost. all TTT-Nit.ride het.ernst.rnct.llres. Stress relaxation in the GaN
layers occurs in conventional and in pendeo-epitaxial filnls via the
fornlation of nlisfit dislocations, dOlnain boundaries, elastic strain and
wing tilt. Polychrolnatic X-ray nlicrodiffraction, high resolution
nlonochrOlnatic X-ray diffraction and finite elelnent silnulations have
been used to deternline the distribution of strain, dislocations,
sub-boundaries and crystallographic wing tilt in uncoalesced and
coalesced GaN layers grown by lnaskless pendeo-epitaxy. An
inlportant parmneter was the width-to-height ratio of the etched
colunlns of GaN froln which the lateral growth of the wings occurred.
The strain and tilt across the stripes increased with the
width-to-height ratio. Tilt boundaries formed in the uncoalesced GaN
layers at the colunln/wing interfaces for sanlples with a large ratio.
Sharper tilt boundaries were observed at the interfaces formed by the
coalescence of two laterally growing wings. The wings tilted upward
during cooling to roonl tenlperature for both the uncoalesced and the
coalesced GaN layers. It was detennined that finite elelnent
sinlulations that account for extrinsic stress relaxation can explain the
experinlental results for uncoalesced GaN layers. Relaxation of both
extrinsic and intrinsic stress conlponents in the coalesced GaN layers
contribute to the observed wing tilt and the formation of
sub-boundaries.

04.10
High-Cycle Fatigue Testing of Micro/nano-Scale Silicon
Nitride Thin Films Using a Novel Mechanical-Amplifier
Actuator. Wen-Hsien Chuang 1

, Rainer K. Fettig2 and Reza

Ghodssi 1; 1 Electrical and Conlputer Engineering, University of
Maryland at College Park, College Park, Maryland; 2NASA Goddard
Space Flight Center, Greenbelt, Maryland.

We report the design, fabrication, and testing of a novel electrostatic
nlechanical-anlplifier actuator for fatigue study of nlicro/nano-scale
silicon nitride thin filnls. Currently, MEMS-based lnicroshutter arrays
are being developed as progranunable field selectors on NASA's J anles
Webb Space Telescope. The nlicroshutter arrays are nlade of silicon
nitride thin filnls that require lOG life-cycles in outer space; thus, a
conlplete understating of nlechanical properties and reliability of
silicon nitride is necessary. Our group has developed a resonant
technique and a bending approach of T -shaped cantilevers to obtain
Young's nlodulus and fracture strength of silicon nitride thin filnls.
However, it is difficult to apply high cyclic loadings to these
cantilevers to study fatigue property and current techniques, such as
circular conlb-drive actuators, cannot be used for insulating nlaterials.
As nlost electrostatic MEMS devices require high operation voltages,
the nlechanical-anlplifier actuator was designed based on the
nlechanisnl of vibration anlplification. This device consists of two
resonators connected serially with one conlnlon torsion bar.
Electrostatic energy is punlped to the first resonator via a snlall
controllable gap between electrodes and then transferred to the
second resonator which nloves freely with the help of the conlnlon
torsion bar. When the frequency of the pumped energy matches the
resonant frequency of the second resonator, large vibration nlovenlent
of the second resonator can be obtained due to a high quality factor
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inside a vacuunl testing chanlber, while keeping the vibration of the
first resonator snlall. The stress anlplitude of the second resonator on
the torsion bar can then be controlled by the frequency and amplitude
of the input electrostatic energy to study fatigue property of the
torsion har on a nlicro-n1et.er scale. To further understand the fatigue
property of silicon nitride thin films on a nano-meter scale, a modified
n1echanical-aIuplifier actuator was designed with two torsion bars
(instead of one) and tensile samples (200 nm in width). The dual-bar
configuration used here is to increase longitudinal stress during
rotation of the torsion bars. In addition, one suspended beam is
utilized between the torsion bars and the tensile samples to convert
torsional stress into tensile stress. According to the above-n1entioned
operation principle, the tensile stress on the tensile samples can be
controlled by the frequency and amplitude of the input electrostatic
energy. Fronl our test results, the fracture strength of silicon nitride
thin films increases from 6.6 GPa on micro-scale to 7.8 GPa on
nano-scale. A titne-delay failure was observed on nano-scale tensile
san1ples when testing at stress an1plitude over 5.5 GPa. However, the
fatigue failure did not occur on the nlicro-scale torsion bar even up to
10° cycles. This can be attributed to the difference in surface
conditions and pre-stress status of these two devices.

04.11
Mechanical and Structural Characterization by X-ray
Diffraction in Suspended Bilayer Structure for MEMS
Applications. Philippe Goudeau1

, Nobun1ichi Taluura2
l Sebastien

Rig03 , Talal Masri 3 , Jacques-Alain Petit 3 and Jean-Michel
Desmarres4

; 'LMP, SP2MI, University of Poitiers - CNRS,
Futuroscope Chasseneuil, France; 2ALS, Lawrence Berkeley National
Laboratory, Berkeley, California; 3ENIT, Tarbes, France; 4CNES,
Toulouse, France.

Residual stresses can occur in n1icro devices during process and
operation, giving rise to dan1age and even to failure. These thernlo
nlechanical stresses are difficult to predict fronl enlpirical nlethods
and thus experin1ents and nun1erical sin1ulation have to be done
together in order to inlprove our understanding of n1echanical
interaction at n1eso scales between n1aterials present in these con1plex
systems. In this paper, a new x-ray diffraction technique has been
used for studying residual stresses and luicrostructure at a n1icron
scale in a 0.56 n1icron thick gold thin filnl deposited on a
polycrystalline silicon cantilever 20 Inicrons large and 100 n1icrons
long. Changing white to n10nochron1atic x-ray beanl allows grain
selection n1easuren1ent in the gold layer according to their size:
greater than 0.1 micrometer ami <111 > oriented for white beam and
lower (down to a few nanon1eters) for n10nochronlatic. In both grain
populations, the in plane residual stress is tensile and slightly relax
along the cantilever beanl and beconles nil at the free standing edge.
The curvature profile of the deflected beam is measured through the
variation, along the cantilever, of the <111> direction oue to the
curvature of the bean1. The obtained results allow validating n1acro
nlechanical nleasuren1ents and analytical and finite elenlent
sin1ulations perfornled on the san1e systen1s.

04.12
Mechanical Properties of a-SiC:H Filllls Grown by PECVD
Using: 1,3-Disilabutane. Young Kuk Lee and Yunsoo Kinl; Korea
Research Institute of Chen1ical Technology, Taejon, South Korea.

Amorphous hydrogenated silicon carbide (a-SiC:H) film is of interest
as n1aterial for MEMs application due to its excellent n1echanical and
electrical properties. a-SiC:H films are usually prepared by PECVD
(plasn1a enhanced chenlical vapor deposition) using SiH4 /hydrocarbon
gas nlixtures. As is well known, SiH 4 gas is very dangerous when
exposed to air, consequently the growth equipn1ents are n1l1ch
con1plicated. A sin1ple way to avoid a explosive silicon source for the
deposition of silicon-containing conlpounds is to use an organosilicon
compound that is relatively less active than SiH4 . In this paper,
nlechanical properties such as nanoindentation hardness and elastic
nlodulus of the a-SiC:H filn1s grown by PECVD using an inflanln1able
single source precursor, 1,3-disilabutane, are investigated. The
stiffness, the nanoindentation hardness, and the elastic nlodulus of the
filnls grown at various plasn1a powers were n1eaasured by
nanoindentation nlethod. Hardness of the filn1 was observed to
increase as the plasn1a power increased, while the elastic nlodulus was
observed to have a nlaxinlun1 value at the plasnla power of 10 W. Also
the effects of process paranleters such as plasn1a power, growth
ten1perature and work pressure on the chen1ical state of the each
elen1ent (Si and C) and surface n10rphology of the as-grown £1ln1s are
discussed by XPS and SEM studies, respectively.

04.13
Stress Analysis of Strained Superlattices. Halyna M. Khlyap1.2

and Roman Peleshchak2
; 'Physics, University of Technology,

Kaiserslautern, Gern1any; 2physics, State Pedagogical University,
Drohobych, Ukraine.

The latest successful developn1ent of sn1art technologies, in particular,
nl01ecular-beanl epitaxy technique and pulse-laser deposition nlethod,
n1ade it possible to n1anufacture optoelectronic active elen1ents based
on semiconductor materials with sufficient mismatch of the lattice
paran1eters. This problen1 is of special interest for preparing
photosensitive devices with strained superlattices. The abstract
focuses on the nunlerical analysis and conlputational n10deling of
energy spectra of charge carriers in nlechanically strained superlattices
haseo on semiconolldor materials from A2Rfl ann A4Rfl (ZnSe, ZnTe
and PbS) playing an important part in the optoelectronics design.
Con1putational n10deling is settled on the solution of one-din1ensional
Schroedinger equation and Poisson equation. The sin1ple nun1erical
algorithm is proposed for simulation of the superlattice energy
structure in dependence of doping ilupurity concentration l thickness
of the grown layers and their crystallographic orientation.

04.14
Experilllentally and Theoretically Investigations of the
Magnetic Phases of Epitaxially Grown EuSe at Low Fields
and Temperatures. Klenlens Run1pf1

, Petra Granitzer l , Walter

Soellinger2, Wolfgang Heiss 2 and Heinz Krenn l ; Ilnstitute of
Experin1ental Physics, University of Graz, Graz, Austria; 21nstitute of
Sen1iconductor and Solid State Physics, University of Linz, Linz,
Austria.

EuSe is one of the Eu-chalcogenides (EuO, EuS, EuSe, EuTe)
Heisenberg antiferron1agnets. Due to its nletanlagnetic behaviour the
n1agnetic phases are nlore con1plicated than for exan1ple in EuTe and
there is an additional antiferron1agnetic phase at very low
temperatures (below 2 K). This behaviour cannot be solely explained
by exchange interaction of nearest neighbors and next nearest
neighbors but requires more information about the NNSSNN, NSNS
and NNSNNS spin arrangeluents. Rec<1,use the nearest and next
nearest neighbour exchange constants are nearly cancelled out l higher
order interaction becon1es itnportant and the biquadratic exchange
interaction has also to be taken into account. Our n1easuren1ents were
carried out on an epitaxial grown 2.5 n1icronleters EuSe filn1 on BaF2.
Three regions predicted in the phase diagram of a EuSe bulk crystal
are of special interest. For low temperatures (below 1.8 K) ann low
magnetic fields (below 0.05 T) a NSNS antiferromagnetic (type II)
phase occurs. For higher temperatures and fields from 1.8 K to 4.6K
and l:l = 0.1 T to 2.5 T a NNSNNS ferrimagnetic order exists whereas
nearby the Curie-ten1perature of 4.6 K a further antiferronlagnetic
(type I) phase is formed. The presence of mechanical stress causes
fundan1ental nlodifications of the luagnetic phases. Such a strong
n1echanical strain is generated in epitaxial layers on substrates with a
different lattice paranleter like in the investigated san1ple of 2.5
micrometers EuSe on BaF2. The experimental data show that Mean
Field calculations fail on this system. For example the high
temperature-fit from 20 K to 200 K demonstrates the difference
between Curie-ten1perature and paranlagnetic Curie-Weiss
ten1perature. In addition the detern1ination of the Curie-tenlperature
by Arrott-fits is in good accordance with the critical Heisenberg
constants (Mean Field constants are not successful) ann leaos to 4.1
K.

04.15
Observation of Micro-Tensile Behavior of Thin Film TiN and
Au using ESPI Technique. Yong-Hak Huh', Dong-leI Kim2

,

J un- Hee Hahn l, Gwang-Seok Kin1 l , Chang-Doo Kee2, Soon-Chang
Yeon3 and Yong Hyub Kin1 3; lCenter for Env. and Safety
Measurn1ent, KRISS, Daejon, South Korea; 2Departn1ent of
Mechanical Engineering, Chonnan1 National University, Kwangjoo,
South Korea; 3School of Mechanical and Aerospace Engineering, Seoul
National University, Seoul, South Korea.

MEMS technology has been rapidly developed and nano technology is
expected to be a core technology in future. Sonle data on
nlicro-n1echanical properties of these MEMS and nano nlaterials
would be required for design and evaluation of reliability of these
structure and nlaterials. Micro-tensile properties of hard and soft thin
£ln1s, TiN and Au, were evaluated by directly nleasuring tensile strain
in film tension using the micro-ESPI(electronic Speckle Pattern
Interferon1etric) technique. Micro-tensile stress-strain curves for these
filn1s were obtained and the properties were n1easured. The thin filIus
1 fLm thick were deposited onto the silicon wafers, respectively, and
n1icro-tensile specin1ens wide 50 and 100 p,n1 for these £1ln1s were
fabricated using n1icroluachining. In-situ n1easurenlent of the
n1icro-tensile strain during tensile test was carried out using the
subsequent strain n1easuren1ent algorithn1 in the ESPI systen1
developed in this study. The micro-tensile curves showed that the
elastic property was dOluinant in TiN thin £1ln1 and nonlinear
behavior including both elastic and plastic property was presented in
Au thin filnl. Furthernlore, effect of the din1ension of the specinlen on
the n1echanical properties was exanlined. It was revealed that tensile
strengths for both films were slightly increased with increase of the
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width of the specimen. And, variations of yielding strengths for the
thin film Au with change of the dimension were investigated.

04.16
Investigation of Viscoelastic Properties of Thin Films via
Base-Vibrating Cantilever Beams. Tobias Hoechbauer1 , Yun-Che
Wang!, John Greg Swadener l

, Tin1 Darling2
, Richard Hoagland!,

Xinghang Zhang! and Alnit Misra!; IMST-8, Los Alanlos National
Laboratory, Los Alanlos, New Mexico; 2MST-IO, Los Alanlos National
Laboratory, Los AlulllOS, New Mexico.

The unique geometry of thin films poses several difficulties to
experinlentalists in deternlining their viscoelastic properties, such as
specinlen aligluuent, force/defonnation sensor calibration and the
usual problenl anl0ng viscoelastic 111easurenlent: necessary resolution
of phase lag between force and defornlation in a 1110derate frequency
range. Traditional lllethods with lllagnetic interaction as driving force
and laser-based defornlation llleasuren1ent are inadequate since
n10unting a pennanent lnagnet and lnirror on the specin1en changes
its n1echanical boundary conditions significantly when one deals with
a typical laboratory saluple whose size is about 10 n1n1 x 1 111n1 x 20
n1icron. We propose a different approach to overCOlne these difficulties
by driving a specilnen being clan1ped at the top of a bin10rph
piezoelectric cantilever bean1. The specin1en behaves as a cantilever
bean1 under based excitation in translation and rotation. The
deformation of the specimen is measured by a fiber-optic system,
which requires a sufficient index of reflection at the surface of the
specimen. At the resonance of the sample, this method resembles the
vibrating weed lnethod generally used in the viscoelastic conllnunity
with driving force at the free end of the san1ple. However, under large
driving alnplitudes, our systen1 is a Duffing-like dynan1ical systen1,
and this provides a unique opportunity to deduce viscoelastic
damping (tan 0) and dynamic modulus from the techniques of system
identification. Since, essentially, the sample is driven by its own
inertia, the low frequency lilnit in our n1easurelnent can be solved by
n10unting a lun1ped n1ass at its free end. With the n1aturity of
n1agnetron sputtering techniques, this approach enables us to probe
the viscoelasticity of well-defined thin films composed of single or
multiple layers.

04.17
High Cycle Fatigue Damage in Thin Cu Films. Dong Wang,
Cynthia A. Volkert and Oliver Kraft; Forschungszentrum Karlsruhe,
Karlsruhe, Gern1any.

A number of recent studies have been performed on fatigue of Cu
films on polyimide substrates loaded under large strains (so-called
low-cycle fatigue). These studies have confirmed that surface
extrusions and cracks forn1 in thin fihns during cyclic loading,
although the filn1 thickness and grains are too sn1all to allow for the
formation of extended dislocation structures. The intent of the work
presented here is to extend these studies to smaller strains (high-cycle
fatigue) and to thinner films. The small strain amplitudes used here
«0.1%) are closer to the strains experienced in metal films and small
structures during use in lnost applications. First results on 0.5 and 1.0
p,n1 thick Cu filn1s show that the dan1age that forn1s under low strain
amplitudes, is not markedly different in nature from that observed at
higher strains. Surface extrusions forn1 within individual grains after
around lOG cycles, often parallel to twin boundaries, and are paired
with intrusions at the film/substrate interface. At higher cycle
nun1bers, the extrusions in neighboring grains connect up and becon1e
n10re pronounced in height and extent. Eventually cracks fonn along
the intrusions. The thinner filn1s exhibit the san1e trend seen in
previous studies, nan1ely that the extrusions decrease in extent with
decreasing film thickness and the cracks tend to found along
boundaries rather than along extrusions. Studies are currently being
performed on 50, 100, and 200 nm thick Cu films and these results
and a sun1n1ary of filn1 thickness effects on fatigue dan1age will be
presented.

04.18
Analysis of Film Residual Stress on a of 4-point Bend Test for
Thin Film Adhesion. Sassan Roham and Timothy K. Hight;
Mechanical Engineering, Santa Clara University, Santa Clara,
California.

The four-point bend (4PB) test has emerged as a method of choice in
sen1iconductor industry for obtaining bilnaterial interface adhesion
data. When n1easuring the interface adhesion using 4PB test, it is
essential to obtain a crack through the interface of interest. The
deposited filn1s, however, posses intrinsic and extrinsic stresses which
affect the ratio between energy release rates for interface cracking and
crack penetration. Crack penetration and deflection at a bin1aterial
interface and the role of residual stress has been broadly studied
before. However, the results are based on asymptotic analysis
regarding interface between two sen1i-infinite half spaces, where the
results do not directly account for boundary conditions and finite size

effects of an actual test specimen. In this paper, we look at the role
these residual stresses play on the competition between deflection and
penetration energy release rates of a bilnaterial interface and the
extent of which the previous assun1ption of two sen1i-infinite n1edia
can be accepted.

04.19
Practical Work of Adhesion of Polymer Coatings Studied by
Laser Induced Delamination. Alexander Fedorov, Jeff Th. M.
DeHosson, Redmer van Tijum and Willem P. Vellinga; Applied

Physics, Materials Science Centre and the Netherlands Institute for
Metals Research, University of Groningen, Groningen, Netherlands.

A novel technique aimed at measuring the practical work of adhesion,
or work of fracture, of thin polYlner coatings on n1etal substrates is
presented. In this technique an infrared laser pulsed bean1 is used to
create an initial blister. Upon increasing the pulse intensity, the size
of the blister grows, resulting in further delan1ination of the filn1.
Similar to the conventional blister test the work of fracture is derived
from the blister pressure and the blister height. In this work both
paran1eters were obtained fron1 independent n1easuren1ents.
Measuren1ents were carried out on a nun1ber of san1ples, presenting
ECCS steel substrate covered with 20-40 micrometers thick
polyethylene terephthalate (PET) film. Depending on the particular
coating the measured work of fracture G varied from 2 to 6 J / m2
(with an accuracy of 0.2-0.5 J/m2). We followed two approaches to
n10del the experin1ents. First, a sin1ple linear elastic n10del was
investigated. The model predicted the values for the blister height and
pressure, which were in fair agreen1ent with the experin1ental results.
In order to account for possible plastic deforn1ations, sin1ulations
using a finite elen1ent n10del with a n1ixed n10de cohesive zone were
carried out. The calculated stress fields were in agreen1ent with those
predicted by the elastic model suggesting that the contribution of
plastic deforn1ation to the n1easured work of fracture is rather lin1ited.

04.20
Stress Characterization and Crack Evolution of Mo Thin Film
Deposited on the Large Area Glass in the TFT LCD Process.
Yang H. Bae, Chang-Oh Jeong, Je Hun Lee, Beomseok Cho, Shiyul

Kin1 and Soonkwon Lin1; Process Developn1ent Tean1, San1sung
Electronics Corp., Yongin-City, Gyeounggi-Do, South Korea.

Mo has been widely used as signal lines in TFT LCDs(thin film
transistor liquid crystal displays) due to its good adhesion to other
thin film layers and lower contact resistance which TCO (transparent
conduction oxide) can be operated properly by, although its resistivity
is higher than over 4 tin1es as alun1inun1 'so However, there are son1e
problen1s in using Mo as signal lines in TFT LCDs, which are
originated fron1 sputtering Mo. Stress during sputtering Mo gets
glasses curved and n1akes cracks in steps of a circuit. As rapid progress
in TFT LCDs demands large size glass over 1m x 1m, those problems
becomes serious due to a higher stress. In this study, the effects of
process paran1eters such as pressure, power and thickness on the stress
of Mo layer deposited on the large area glass over 1n1 x 1n1 in the n1ass
production will be investigated. Besides, glass sagging phenon1ena and
cracks in the steps will be analyzed by the stress originated in
sputtering Mo. Mo layer was deposited on a glass substrate using DC
n1agnetron sputtering in argon discharge with varying the substrate
ten1perature, the chan1ber pressure and the sputtering power. In order
to examine the effect of the stress of the substrate, the active layer,
which contains SiNx layer, a-Si layer and n+ a-Si layer, and has fl

strong con1pressive stress, was deposited on the glass and then, Mo
layer was deposited sequentially. Thin film stress was measured by
laser curvature n1ethod and glass sagging technique. Using the above
process paran1eters, TFTs in LCD were fabricated and cross sections
were observed. Cross sections of TFT structure were observed by SEM
(secondary electron microscopy) attached with FIB(focused ion beam)
equipment at 20kV. Stress of Mo thin film measured by laser
curvature n1ethod is highly tensile in all conditions and increases as
pressure and thickness of thin fihn increase, which is sin1ilar to the
value n1easured by glass sagging. Stress of Mo thin filn1 deposited on
the active layer is also tensile but the value of stress decreases
drastically with compensated for tensile stress. When Mo layer was
applied to inverted staggered type TFT as a source/drain layer,
cracks occurring in the steps were observed frequently. As stress of Mo
thin filn1 increases, the nun1ber of cracks increases and the size of
cracks becon1es larger. Especially, the nun1ber and the size of cracks
are n1ainly dependent not on the teluperature but on the pressure
which is n1ainly attributed to intrinsic stress. Besides, it is found that
the geometry of the step strongly affects the occurrence of crack.

04.21
Strain Relaxation in Si,_,Ge,,, Thin FillTIS on Si (100)
Substrates: Modeling; and Comparisons with Experiments.
Kedarnath Kolluri1

, Luis A. Zepeda-Ruiz2
, Cheruvu S. Murthy" amI

Din1itrios Maroudas1; 1 Chen1ical Engineering, University of
Massachusetts, An1herst, Massachusetts; 2Chen1istry and Material
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Sciences Directorate, Lawrence Livern10re National Laboratory,
Livern10re, California; 31BM Sen1iconductor Research and
Development Center, Hopewell Junction, New York.

Strained sen1iconductor thin filn1s grown epitaxially on sen1iconductor
substrates of different composition, such as Sil_"Ge,,)Si, are
becon1ing increasingly in1portant in n10dern n1icroelectronic
technologies. Establishing process-structure-function relationships for
optin1izing the lnechanical and electronic properties of these
semiconductor heteroepitaxial systems requires development of
computationally efficient models for prediction of strained-layer
stability with respect to misfit dislocation formation and simulation of
the strain relaxation dynan1ics during filn1 growth and post-growth
treatment. In this presentation, we report a hierarchical
con1putational approach for analysis of dislocation fonnation, glide
n10tion, n1ultiplication and annihilation in Sil-:rGe~l: epitaxial thin
fihns on Si substrates. The con1putational hierarchy includes
equilibrium Monte Carlo (MC) simulations for compositional
relaxation in the epitaxial filn1 in conjunction with
energy-n1inin1ization calculations for structural and strain relaxation.
The above aton1ic-scale con1putations are based on rigorous, reliable
n1any-body interaton1ic potentials and are con1bined with continuun1
elasticity and dislocation theory for paran1eterization of predictive
n1acroscopic n10dels for the onset of dislocation generation and the
kinetics of strain relaxation. Specifically, for Sit-:rGe:r epitaxial thin
films on Si(100) substrates, a condition is developed for determining
the critical filn1 thickness with respect to dislocation generation as a
function of overall filn1 con1position, fihn con1positional grading, and
(compliant) suhst.rat.e t.hickness. In addition, the kinetics of strain
relaxation in the epitaxial filn1 during growth or thern1al annealing
(including post-implantation annealing) is analyzed using a properly
parameterized dislocation-mean-field theoretical model of plastic
deforn1ation dynan1ics due to threading dislocation loop propagation.
The theoretical results are con1pared with experin1ental n1easuren1ents
and are used to discuss filn1 growth and thennal processing protocols
toward optin1izing the n1echanical response of the epitaxial filn1.

04.22
Comparison Between In-situ Annealing and External
Annealing for Barium Ferrite Thin Films Made by RF
Magnetron Sputtering. Alaaedeen Abuzir and W. J. Yeh; Physics,
University of Idaho, Moscow, Idaho.

Due to their large n1agnetic anisotropy perpendicular to the filn1
plane, barium ferrite thick films (BaFeI2019) with c-axis orientation
are attractive candidates for n1icrowave applications. Bariun1 ferrite
thin fihns on silicon substrates without under layer have been
deposited under various conditions by RF n1agnetron sputtering. The
structure of the as-grown filn1s is anlorphous. External annealing in air
has been done at 800 -900 C for ten minutes to crystallize the films.
C-axis oriented filn1s with squareness of about 0.90 and coercivity of
about 5KOe are obtained. Thick BaM filn1s with c-axis orientation are
difficult to achieve with one single deposition. Multilayer technique
looks pron1ising to grow thick fihnsl. The external annealing process
is difficult to incorporate with the multilayer procedure. An in-situ
sputtering procedure has been developed to obtain filn1s, which can be
used as the basic con1ponent for future n1ultilayer deposition. Bariun1
ferrites are first n1agnetron sputtered on bare silicon substrates in Ar
+ 02 atmosphere at substrate temperature of 500-600 C, the
deposition pressure was kept about 0.008 Torr. After the deposition,
the ten1perature of the substrate is iInn1ediately increased to about
860 C for ten minutes in 140 Torr of argon (80%) and oxygen (20%)
n1ixture of gas, which was introduced into the chan1ber without
breaking the vacuun1. With the in-situ process, c-axis oriented filn1s of
0.88 squareness and coercivity value of about 4.3KOe are obtained.
While both annealing n1ethods seen1 to have the silnilar effect on the
corecivity and squareness at various fihn thickness. The average value
of the saturation n1agnetization Ms obtained fron1 the in-situ
annealing is higher than that fron1 the external one. We have grown
filn1s up to 1 n1icron thickness using the n1ultilayer technique, in
which several layers are deposited until the final thickness is reached.
After the deposition of each layer, it was in-situ annealed before
starting the deposition of the next layer. With the multi player
technique, coercivity of about 3.0 KOe and average value of the
saturation n1agnetization Ms of about 3.93 K Gauss is obtained.

04.23
Correlation between Elastic Constants and Magnetic
Anisotropy in Co/Pt Superlattice Thin Films.
Nobuton10 Nakmnura1

, Hirotsugu Ogi1
, Teruo On02 , Masahiko

Hirao 1
, Takeshi Yasui 1 and OSan1l1 Matsuda3; IGraduate School of

Engineering Science, Osaka University, Toyonaka, Osaka, Japan;
21nstitute for Chelnical Research, Kyoto University, Uji, Kyoto,
Japan; 3Faculty of Engineering, Hokkaido University, Sapporo,
Hokkaido, Japan.

Magnetization direction of ferron1agnetic thin filn1s is usually parallel

to the film surface because of the shape-magnetic-anisotropy effect.
However, it can be perpendicular to the filn1 plane for
n1agnetic-n1aterial/noble-Inetal superlattice thin fihns. This n1agnetic
property is called perpendicular magnetic anisotropy (PAM) and
attracting n1any attentions because it can be a candidate of extrelnely
high-density magnetic media recording. PMA will appear when total
energy of the systen1 takes a Inininuln1 with the perpendicular
n1agnetic direction. The total energy consists of
n1agnetocrystalline-anisotropy energy, shape-Iuagnetic-anisotropy
energy, interfacial-anisotropy energy, and n1agnetoelastic-anisotropy
energy. However, previous studies could not discuss a cause of PMA
quantitatively, because the elastic constants of the superlattice thin
filn1s were not n1easured, keeping one fron1 calculating the
n1agnetoelastic-anisotroy energy. In this study, we n1easure the
anisotropic elastic constants of Co/Pt superlattice thin films
deposited on monocrystal silicon substrates by an ultra-high-vacuum
evaporation n1ethod using two acoustic lnethods. One is the resonance
ultrasound spectroscopy (RUS) coupled with the laser-interferometry
method. This method determines thin film elastic constants by
measuring the resonance frequencies of film/substrate layered
specimen. Although contributions of thin film elastic constants to the
resonance frequencies are usually weak, we achieved high accurate
n1easurelnent with an accuracy of 10- 4 using a tripod transducer.
The n1easurelnent accuracy is significantly sn1aller than the
contributions C"'-,10- 2

). Second is the picosecond ultrasound lnethod.
Using a high-power short-pulse laser with 400-nm wavelength, we
excite longitudinal waves propagating along the filn1-thickness
direction via the thermoelastic effect. The back echoes reflected at the
film/substrate interface are detected by the delayed probing pulse
laser with 800-nn1 wavelength. Det.ern11ned elastic constants show
anisotropy between the in-plane and out-of-plane directions, and a
correlation with the degree of PMA. We attribute this to large elastic
strain at the interfaces and lattice anharn10nicity.

SESSION 05: Thin Film Plasticity- Size Effects
Chair: Ralph Spolenak

Wednesday Morning, March 30, 2005
Room 2022 (Moscone West)

8:30 AM 05.1
Investigating Size Effects in Metals using Microcornpression
Tests. Cynthia A. Volkert, Forschungszentrum Karlsruhe, Karlsruhe,
Gern1any.

An elegant lnethod has recently been developed for perforn1ing
con1pression tests on lnicron sized specin1ens [1]. The technique
involves n1achining n1icron-sized colun1ns fron1 the surface region of a
san1ple using a focused ion bean1 and then cOlnpressing the colun1ns
with a flat punch in a nanoindenter. This novel and sin1ple approach
allows stress-strain curves to be obtained fron1 san1ples with volun1es
from one to 500 cubic micrometers. We have applied this method to
look for size effects in a nun1ber of lnetals, including single crystal fcc
and bcc n1etals, mnorphous n1etals, and nanoporous Au. The
nanoporous Au provides a control test of the n1ethod, since its
n1echanical properties are independent of the colun1n din1ensions. As
expected, very high yield stresses in the walls of the nanoporous
n1aterial are inferred fron1 the stress-strain curves, which indicate that
dislocation nucleation is constrained by the 20 nn1 dilnensions. The
results fron1 single crystal Au colun1ns down to colun1n dialneters as
sn1all as 0.5 Inicron1eters showed only a weak effect of length scale on
n1echanical properties. However, single slip localized within a single
band was n10re con1n10n in the sn1allest colun1ns, which suggests that
the characteristic slip distance for a dislocation in the Au san1ples is
on the order of a couple lnicrons. A con1parison of the Au results with
results fron1 other n1etals indicates that the surface oxide plays an
in1portant role by blocking dislocation n10tion to the san1ple surface.
Results fron1 other n1etals as well as fron1 colun1ns containing single
grain boundaries will also be presented and the effects of surface
oxides and constraint effects froln the indenter tip and underlying
substrate will be discussed in interpreting the size effects. [1] M.D.
Uchic, D. M. Dimiduk, J.N. Florando, and W.D. Nix. Science, 305,
986 (2004).

8:45 AM 05.2
The Evolution and Relaxation of Thermal Stress in Thin
Gold Films. Linda Sauter1

, T. John Balk", Gerhard Dehm 1 and
Eduard Arzt 1.

3; 1 Max-Planck-Institute for Metals Research,
Stuttgart, Gennany; 2Departn1ent of Chen1ical and Materials
Engineering, University of Kentucky, Lexington, Kentucky; 3Institut
fuer Metallkunde, Universitaet Stuttgart, Stuttgart, Gennany.

The thern10n1echanical behavior of thin n1etal fihns on substrates is
influenced by nun1erous paralneters including e.g. filn1 thickness, grain
size, passivation layers and the presence of interfaces. For this study,
gold was chosen to ensure an unpassivated fihn surface, since gold
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does not oxidize at elevated tenlperatures 1 in contrast to copper and
silver. We will report on the behavior of gold films with thicknesses
between 50 nnl and 2000 lUll that were nlagnetron sputtered, annealed
at 500 0 C for 30 min and thermally cycled to 500 0 C in a wafer
curvature apparatus. Despite the heat treatillent l the grain size in
these films is roughly constant at 100 nm over the entire film thickness
range and does not scale with the filnl thickness. The flow stresses
measured at 50 0 C following thermal cycling are relatively high at
large filnl thicknesses 1 conlpared to other fcc thin filnl systenls, and
continue to increase slightly as filnl thickness decreases. Furthernl0re,
grain boundary grooves and snlall voids at triple junctions can be
found in filnls down to 100 nnl after thernlal cycling. With increasing
filnl thickness, the void size increases and hillocks begin to fornl.
Their size exceeds that of the grains by up to a factor of 20. Focllsprl
ion beanl and scanning electron lllicroscopy iInages suggest that
hillocks initially form at the film surface and subsequently grow both
into the filnl and out of the filnl surface, thus involving surface and
grain boundary diffusion, which is enhanced by the snlall grain size.
This hillock formation mechanism is in contrast to that of films with a
natural passivation layer (e.g. aluminum) where hillocks nucleate at
grain boundaries and only grow out of the film surface. Along with
observations of dislocation-based plasticity, these diffusional processes
and their role in the relaxation of stress in unpassivated gold filIns
will be discussed. The results will also be compared to fine-grained
nletals, since the defornlation in thin gold filIns also appears to be
strongly influenced by diffusion and the large grain boundary area.

9:00 AM 05.3
Plasticity and Interfacial Crack Growth in Thin Gold Films.
Megan Cordill', Neville Moody2, David Adams 3 , David Bahr4 , Alex

VolinskyJ and Willianl Gerberich l ; lUniversity of Minnesota,
Minneapolis 1 Minnesota; 2Sandia National Laboratories, Livennore,
California; 3Sandia National Laboratories, Albuquerque, New Mexico;
4Washington State University, Pullnlan, Washington; 0University of
South Florida, Tampa, Florida.

The onset of plasticity is an inlportant factor controlling the
properties and performance of thin ductile films. It is the critical
factor controlling adhesion of thin gold films. Most studies on gold
films have focused on relatively thick films and show that fracture
energies are quite high due to extensive plasticity. Recent studies
show that fracture energies decrease to relatively low values as filIns
become thin. Although thin film energies are relatively low, the
energies are fully capable of fornling plastic zones yet there is no
evidence of ductile fracture processes on the fracture surfaces. Two
models have been proposed to explain this behavior. One model
assunles no dislocations are elnitted fronl the crack tip creating a
dislocation free elastic zone that shields the crack fronl background
rlislocat.ioll mot.ion (SSV). Another model assumes that dislocations
are enlitted fronl the crack and create a dislocation free zone through
crack tip shielding (DFZ). These zones form in material with a high
density of lattice dislocations, and highlight the long standing
question as to what effect do dislocation interactions have on
formation of these zones and on crack behavior. To address this
question, we used nanoindentation to sinlulate dislocation enlission in
thin gold films that exhibit a ductile to brittle transition in fracture
behavior with filnl thickness. During nanoindentation, we nl0nitored
nlaterial response to detennine dislocation interaction effects. At low
loads, reverse plasticity led to time dependent recovery in all films
tested suggesting that no significant interactions occur between crack
tip emitted dislocations and lattice dislocations. These results will be
used to show that elastic regions and dislocation free zones fornl in
ductile metal films and lead to brittle fracture in ductile films. The
authors gratefully acknowledge the support of Sandia National
Laboratories. Sandia is a nlultiprogranl laboratory operated by Sandia
Corporation, a Lockheed Martin Company for the United States
Department of Energy's National Nuclear Security Administration
llnrlpr COllt.ract. DE-AC04-R4A LR5000.

9:15 AM 05.4
Plasticity of Passivated and Unpassivated Ultra Thin Cu
Filllls Measured by an in-situ Synchrotron Technique.
Patric Gruberl , J ochen Boelunl, Linda Sauter2, Ralph Spolenak3,
Alexander Wanner4 and Eduard Arzt1.2; IInstitut fuel' Metallkunde,
Universitaet Stuttgart, Stuttgart, Gernlany; 2Max-Planck-Institut
fuel' Metallkunde, Stuttgart, Gennany; 3Labor fuel' Nano1netallurgie,
ETH Zuerich, Zuerich, Switzerland: 4Institut fuel' Werkstoffkunde I,
Universitaet Karlsruhe, Karlsruhe, Gernlany.

The investigation of size effects in the nlechanical properties of thin
nletallic filnls on the nanoscale lies in the focus of nlany research
groups. Our thernlal cycling experinlents with polycrystalline Cu filnls
on stiff substrates revealed a new defornlation nlechanisnl which is
responsible for a plateau flow stress for films thinner than 300 nm.
The so called parallel glide lllechanisill was correlated to constrained
diffusional creep, which involves diffusion between the unpassivated
filnl surface and the grain boundaries at elevated tenlperatures. To

better understand the underlying nlechanisnls 1 it is advantageous to
decouple te1nperature and stress. Further the presence of a passivation
layer is expected to strongly influence the defornlation behavior. In
this work we perform tensile tests on different TajCu and TajCujTa
thin film systems on compliant polyimide substrates and determine
the evolution of isothermal mechanical stresses in situ by a
synchrotron based X-ray diffraction technique. The film thickness of
the Ta cap- and interlayers is 10 nnl, whereas the eu filnl thickness
varies between 20 and 3000 nm. Thus stress-strain curves for Cu films
down to a film thickness of 20 nm are obtained. Above 300 nm, the
roonl tenlperature yield strength of passivated as well as unpassivated
Cu films increases linearly with decreasing film thickness, typical for
defornlation by threading dislocations. Below 300 nnl Cu thickness
both film systems show a clear deviation from this linear behavior.
Unpassivated sanlples reveal a plateau in flow stress sinlilar to
thermal cycling experiments. Thus even at room temperature the
parallel glide nlechanisnl seenlS to be active. In the case of passivated
filnls flow stresses are higher and a clear plateau is not evident.
Instead, a change in slope is observed in the yield stress vs. lnvRfsR
film thickness plots. The different behavior of passivated and
unpassivated Cu films will be critically discussed by modeling
diffusive processes for a roonl tenlperature tensile test.

9:30 AM 05.5
How Stretchable Can We Make Thin Metal Filllls?
Candice Tsay l

l Stephanie P. Lacour l , Sigurd Wagner l , Teng Li2 and

Zhigang Su02; lDepartlnent of Electrical Engineering, Princeton
University, Princeton, New Jersey; 2Division of Engineering and
Applied Sciences, Harvard University, Cambridge, Massachusetts.

Under cyclic stretching 1 a thin nletal filIn deposited on an elastonleric
substrate can in sonle cases renlain electrically conducting at tensile
strains up to ~100%. A recent study used finite-element simulation to
explore the rupture process of a nletal filnl on an elastonler. It
predicted better stretchability on stiffer elastomeric substrates [11. We
report experinlents designed to verify this prediction. The stiffest
elastonlers available have Young's nloduli of r-v200 MPa. Spinnable
precursors for thin silicone elastonlers with such a high nlodulus are
available. For easier handling of these thin layers, we spin the
~10-mm thick stiff silicone elastomer on a 1-mm thick membrane
substrate of polydimethylsiloxane (PDMS), a compliant elastomer
with Young's modulus of ~ 3 MPa. Stripes of metal film of 5-nm
chromium and 25-nm to 100-nm gold (Au) are fabricated either on
top of the stiff layer spun onto the soft membrane substrate, or are
sandwiched at the interface between the two elastomers. Given the
large c01npliance of the PDMS nlelnbrane 1 these sa1nples behave like
metal films attached to the stiff elastomer alone. So far we find that
when the metal film (25-nm thick, 600-mm wide Au) is sandwiched
between the stiff and conlpliant elastonlers, it retains electrical
conduction at 80% elongation, which is higher than the elongation
achieved when attached to the 3-MPa PDMS alone. But when the
metal film (30-nm thick, 600-mm wide Au) is deposited on top of the
elastomers, it remains conducting up to just 8% elongation. These
results suggest that, in addition to the stiffness of the elastonleric
substrate, the position of the metal film (i.e., top or sandwich
configuration) also plays a large role in determining its stretchability.
To obtain further infornlation about the nlechanisnl and linlit of
stretchability, we are studying the effect of film thickness on the
nlaxinlunl elongation. At the Synlposiunl we will give a brief overview
of reversibly stretchable metallization, report the preparation of the
conlposite substrates and nletallization, and describe the effects of
nletal filnl configuration and thickness on electrical conduction under
stretching. [11 Teng Li, Zhenyu Huang, Z. Suo, Stephanie P. Lacour,
Sigurd Wagner, Appl. Phys. Letters, vol. 85, No. 16, 3435-3437 (2004)

9:45 AM 05.6
An Investig;ation of Fillll Thickness on Mechanical Properties
of Face Centered Cubic Thin Filllls on Silicon Substrates.
Yifang Cao l

, Zong Zong l
, Derek Nankivil2, Seyed Allameh l anrl Wolp

SOboyejol; 1 Princeton Institute of Materials Sciences and Engineering
(PRISM); Departnlent of Mechanical and Aerospace Engineering,
Princeton University, Princeton, New Jersey; 2Departnlent of
Mechanical, Materials, and Aerospace Engineering, University of
Central Florida, Orlando, Florida.

This paper presents the results of an experimental study of the effects
of filnl thickness on the nlechanical properties of face centered cubic
thin films that are relevant to microelectronics and
nlicroelectronlechanical syste1ns. The defornlation behavior of e-beanl
deposited Au, Ag and Ni filnls on silicon substrates is studied using
nanoindentation techniques. The studies show that filnl hardness is
strongly dependent on film thickness and indentation size. The results
are then interpreted within the context of strain gradient plasticity
theories and nlechanics nlodels for the assessnlent of substrate effects.
The measured film moduli are shown to be consistent with film
microtexture. Finally, the amount of material pile up is shown to
increase with decreasing filnl thickness, for a given ratio of
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indentation depth to film thickness. The implications of the results
are discussed for the 1110deling of filn1 defonllation and he 111€chanical
behavior of s111all structures.

SESSION 06: Thin Film Plasticity- Creep
Chair: Marc Legros

Wednesday Morning, March 30, 2005
Room 2022 (Moscone West)

10:30 AM 06.1
Evolution of Stress-Induced Hillocks in Pure Al Films and
Lines on Glass Substrate. Young-Chang Joo and Soo-Jung Hwang;

Materials Sci. & Eng., Seoul National University, Seoul, South Korea.

During fabrication processes of integrated circuits, interconnect
111aterials are subject to a nUluber of thern1al cycles. Differences in
thenllal expansion coefficients between the various 111aterials in the
integrated circuits give rise to a large thern1al stress, which results in
hillock or whisker forn1ation. Hillocks can bring about excessive
surface roughness of the filn1 and interfere with the lights used in the
photolithography steps to result in the irregular geometry of the
interconnects. Hillocks can also n1ake the dielectric filn1s isolating the
n1etal lines crack to result in inter-n1etal-level electrical short circuits.
Thus understanding and controlling the hillock forn1ation is in1portant
to obtain highly-reliable Al interconnects. In this work, we studied the
hillock forn1ation of pure Al filn1s, which gains increasing attention for
interconnect n1aterials of the thin filn1 transistor-liquid crystal
displays (TFT-LCD's). Pure Al films were deposited using the
sputtering n1ethod to have a thickness ranging fron1 2500 A to 10000
Il on a Mo barrier film (500 Il). The substrate material was either
glass or Si. A 500-Il-thick Mo capping layer was deposited on some
san1ples. The Al filn1s was annealed at various ten1peratures fron1 200
to 400°C and observed using the SEM and the TEM. The average
nun1ber and the n1edian size of hillocks per unit area were n1easured
using an in1age analyzer software progran1 that could recognize
hillocks fron1 the SEM plane-view in1ages. The orientation of each
hillock was identified using the high-resolution electron back-scattered
detector (HR-EBSD). We found that the average number of hillocks
per unit area decreased and the n1edian size increased with the thicker
Al films. SEM observation revealed that there were various types of
n10rphology of stress-induced dan1ages; faceted hillock with
poly-atomic steps, rounded hillock and whisker like hillock. From
those n10rphological characteristics, we found that a hillock is forn1ed
both by the grain-boundary diffusion and by the dislocation-mediated
process. The orientation analysis also showed that hillocks were
composed of mainly (110)- and/or (100)-oriented grains. The
n1echanisn1 responsible for the forn1ation and growth of hillocks are
discussed based on the results of both the in-situ SEM observations
and the n1easuren1ents of stress relaxation during isothern1al
annealing.

10:45 AM 06.2
Driving Force for Hillock Formation in Oxide-Capped
Aluminum Thin Films on Sapphire. Jeffrey M. Biser, Sreya

Dutta, Helen M. Chan and Richard P. Vinci; Departn1ent of Materials
Science and Engineering, Lehigh University, Bethlehen1, Pennsylvania.

Sapphire (single-crystal Ab03) is an attractive substrate option for
the class of III-V sen1iconductors, in particular galliun1 nitride (GaN),
which has attracted n1uch attention in recent years as a base n1aterial
for solid-state laser devices. Our recent work has shown the feasibility
of a low-cost process for producing pristine sapphire surfaces. Using a
sapphire substrate with a relatively poor surface finish as the starting
n1aterial, we begin by depositing an Alulninun1 thin filIn, anneal to
Gr0',V a polycrystalline Oxide. layer, and follow this with Grain growth
at hIgher telnperature, resultIng in solid-state conversion into single
crystal sapphire. The surface produced has been shown by AFM to
have an RMS roughness reduced from roughly 10 nm pre-process to
<1 nm. This procedure has been designated the AGOG process. One
of the critical problen1s that occurs during this process is the
appearance of hillocks during the first anneal due to thern1al stresses.
We have had success in preventing such hillock growth, while
n1aintaining the convertibility of the filn1s to sapphire, by forn1ing
alun1inun1 oxide capping layers of varying thickness via reactive
sputtering and anodization. However, the success of this approach
does not uniquely identify the mechanism for hillock suppression. A
nun1ber of different n1echanisn1s have been proposed for sin1ilar
n1aterials systen1s. Two scenarios appear n10st likely: 1) the presence
of the ox~de overlayer prevents th~ n1etal filn1 fron1 ever experiencing
con1preSSlve stresses at the annealIng ten1perature, thereby ren10ving
the driving force for hillocking, or 2) assun1ing the filn1 does in fact go
under con1pression, the capping layer n1ay sin1ply be sufficiently thick
to act as a n1echanical barrier to hillocking. The goal of this study is
to separate out the two possibilities n1entioned above. For filn1s
capped with both anodic and sputtered oxides of varying thickness,

we have perfonned x-ray diffraction stress n1easuren1ents in the n1etal
filn1 during a heating cycle fron1 roon1 ten1perature to 450 0 C. By
identifying the stress state in the n1etal filn1 as a function of
ten1perature and oxide thickness, we lnay both better understand the
mechanisms behind our approach toward hillock suppression, ami
tailor the capping layer thickness for n1axin1un1 efficiency and
convertibility. Hillock counting and characterization is perfonned
through electron- and optical lnicroscopy with digital in1age
processing. Sapphire conversion is checked through EBSD101M and
TEM.

11:00 AM 06.3
Microtensile Testing of Gold and Gold-Vanadium Thin Films
at Elevated Temperatures. Ming-Tzer Lin 2 , Paul EI-Dei ry 3,

Richard Chron1ik4 , Nicholas Barbosa3
, Walter Brown3

, Terry J.
DelphI and Richard Vinci3

; IDepartInent of Mechanical Eno-ineering
& Mechanics, Lehigh University, Bethleheln, Pennsylvania; 2'lnstitute
of ~recis~on Engineering,. N atio~1al Chung Hsi.ng U.niversitJ:" Taichung,
TaIwan; Dept. of Matenals SCIence and Englneenng, LehIgh
University, Bethleheln, Pennsylvania; 4Naval Research Laboratory,
Washington, District of Colun1bia.

We report here on the results of a series of microtensile tests of gold
and gold-vanadiun1 thin filn1s carried out at roon1 and at ten1peratures
up to 400 C. Specimens were fabricated by sputtering gold onto a thin
titaniun1 adhesion layer on a silicon nitride coated silicon wafer and
then using standard wet etching techniques to pattern a series ~f
n1icrotensile specilnens in the gold/titaniun1 n1etal filIn. The
underlying silicon substrate was then chen1ically etched away under
the gage section of the specin1en, followed by dry etching to ren10ve
the silicon nitride and the titaniun1. This left a free-standing gold test
specimen approximately 600 I"m long with a width of 100 I"m and a
thickness of approxilnately 1 t-tn1. The titaniun1 ren1ained under the
g~ld on the region outside the gage section to lnaintain good adhesion
wIth the substrate that would subsequently be gripped for tensile
testing. Gold-vanadiun1 speciInens of siInilar din1ensions were prepared
by co-sputtering, with vanadiun1 concentrations ranging fron1 3% to
5% aton1ic percent. The specilnens were annealed in air at 400 C for 3
hours before n1echanical testing. Testing was carried out in a specially
designed lnicrotensile device, designed to acconunodate a sn1all split
box oven. Loading was applied using a piezoelectric actuator with 0.1
j..tn1 resolution. Loads were lneasured using a double-cantilever bean1
load cell with a resolution of less than 0.1 n1N and a con1pliance of 30
n1N I j..tn1. The entire testing apparatus was n10unted inside a thern1ally
insulated enclosure, within which the telnperature was controlled by
cooling water to within 0.3 C. This had the effect of lilniting
thermally induced drift in the system, and made it feasible to conduct
elevated ten1perature relaxation tests with durations on the order of
several n1inutes. A typical test history involved constant strain rate
straining to a predetennined strain level, a constant strain relaxation
period of 20-120 sec duration, then constant strain unloading followed
by a zero load hold period. This loading cycle was repeated three to
four tilnes. Strain rates for the loading/unloading phases were 3.3 x
10-4 /sec or 3.3 x 10-3 /sec. Both gold and gold-vanadiun1 specin1ens
den1.onstrated an increase in effective Young's n10dulus with increasing
straIn rate. This strain rate sensitivity indicates the presence of
inelastic deforn1ation during the loading/unloading phases. Tensile
yield stresses were increased both by increased strain rates and by the
addition of vanadiun1. In addition, stress relaxation tests conducted at
4000 C on gold-vanadiun1 specin1ens at constant strain den10nstrated
nUlch less relaxation than did pure gold specin1ens under con1parable
strain histories. We conclude that the addition of vanadiun1 to gold
generally suppresses inelastic defonnation.

11:15 AM 06.4
Characterization of Structural and Mechanical Properties of
NiTi Shape Memory Thin Films for Micro Actuators.
David Getchel and Richard Norn1an Savage; Materials Engineering,
Cal Poly State University, San Luis Obispo, California.

Microactuators fabricated with NiTi thin filn1s can take advantage of
this materials large energy density (~ 5-10 joule/cm3

) and high strain
recovery (~ 10%). MicroElectroMechanical System (MEMS) devices
designed with these actuators can serve as bio-sensors, n1icro-fluidic
pun1ps or optical switches. However, the fundan1ental n1echanical
properties sten1n1ing fron1 crystalline structure of these super elastic
or shape n1en10ry NiTi filn1s have not been fully characterized.
Understanding the inter-relationship of crystalline structure, filn1
stoichion1etry and phase transforn1ation ten1perature is crucial when
designing a MEMS actuator. In addition, n1easuren1ent of force
displacen1ent curves for both the Martensite and Austenite phases of
NiTi will provide fundan1ental n1aterial properties for these filn1s.
NiTi filn1s were deposited using a DC Magnetron co-sputtering
processes. Filn1 con1positions were studied using energy-dispersive
x-ray spectroscopy (EDS), which indicated that vacuun1 annealing
was necessary to avoid Ti depletion due to oxidation. The in1pact of
annealing conditions on crystal structures and grain sizes were studied
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by grazing incidence x-ray diffraction (GIXD) am] electron
backscattering diffraction (EBSD). By examining the A(llO) XRD
peak (42.5° 28), the phase transformation temperature cycle was
examined from 60- 100 ac. Results to date indicate NiTi films with
50.1 to 50.7 at% Ti are capable of shape memory phase
transfornlation. Test structures, fabricated by patterning NiTi fihns
using optical lithography and wet etching, enabled force-displacenlent
profile characterization. Sputter deposited chromium layers promoted
NiTi film adhesion to the silicon substrate and prohibited Ni diffusion
during annealing. Both cantilever and fixed beanl test structures,
ranging froll1 50 x 100 to 100 x 500 luicrons were clu;racterized. A
profilometer measured beam deflection (with ~ 1.5 A resolution)
while applying a constant force (0.05-30 mg) as the film was cycled
through its phase transfornlation tenlperature using joule heating.
FraIll these Illeasuren18nts the strength and strain for both the
Austenite and Martensite phases of NiTi thin filnls was deternlined.

11:30 AM 06.5
Influence of Gas Atmosphere on Thin Metal Film Plasticity.
Tho111aS Wuebben, Gerhard Dehnl and Eduard Arztj Arzt,
Max-Planck-Institute for Metals Research, Stuttgart, Germany.

Heterogeneous catalytic reactions at nletal surfaces are of nlajor
interest in industrial process control. However, despite this technique
has been widely used in large scale production for decades, an
understanding on the atoluic level is still lacking. This is nlostly due
to the conlplicated scenario at the interface during the reaction. This
involves chenlical paralueters like binding energies and enthalpies as
well as geonletrical properties like nl01ecule sizes, lattice constants
and local stresses. One of such reactions is the oxidation of nlethanol
(CH30H) to formaldehyde (CH20) on a copper surface at
tenlperatures of about 250 0 C. In this case, three reaction paths are
possible, of which the dehydration, 1. e. 2CH3 0H+0 2 ->
2CH2 0+2H2 0 implies the adsorption of methanol and oxygen at the
copper surface to fornl the reaction products. However, the reaction
kinetics observed in laboratory experinlents differ strongly fronl
industrial process experience. The ainl of our project is to investigate
the role of elastic strains in the copper lattice during the catalytic
reaction. It has been shown in theoretical calculations that a lattice
constant increase by about 1% as well as high local stresses can alter
the binding energies and thus the reaction kinetics. However, the flow
stress of bulk copper is too low to achieve sufficiently high strains or
stresses. This problenl can be overconle using thin Cu fihus, since
their flow stress decreases significantly with decreasing fihu thickness.
To generate and nleasure the stress, we applied the wafer curvature
technique. Thin Cu and Pd films were deposited on non-metallic
substrates. Due to thernlal nlisnlatch the nletal filnl is strained when
the sanlple is heated, leading to a bending of the fihn-substrate
conlposite, nleasured by a laser scanning technique. Above a critical
tenlperature the flow stress is reached and the filnl defonus
plastically. This leads to a hysteresis in the stress-tenlperature curve.
Thus, by heating to different nlaxinlunl tenlperatures, the strain at a
given tenlperature can be varied. Another nlethod to vary the stress
at the catalytic tenlperature is to vary the filnl thickness, since the
flow stress depends inversely on this paranleter. We will present first
results on the influence of different anlbient conditions on filnl stresses
in thin nletal filnls nleasured with the wafer curvature technique.

11:45 AM 06.6
Laser Lateral Crystallization of Thin Metallic Films on Si02 .

Janles E. Kline and John P. Leonard; Materials Science and
Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania.

Today there are significant new nlaterials challenges relating to
nlodification of nlicrostructures in nletallic thin fihus for advanced
device applications. Examples include the control of polycrystalline
nlicrostructure and interface lllorphology in copper-based
interconnects, as well as the fornlation of specialized electrode
attachluents to oxides in acoustic wave devices, MEMS and sensors.
Although conventional rapid solidification processing (RSP) has long
been recognized as a powerful and flexible technique to obtain refined
nlicrostructures and non-equilibriunl conlpositions in nletals, it has
been largely incompatible with- and absent from- thin film device
processing. Pulsed laser irradiation, however, is an alternative route
to RSP in thin film materials, and has been successfully applied to the
crystallization of Si on anlorphous substrates. Using pulsed excinler
laser nlelting, we deluonstrate the fornlation of laterally solidified
ultra-large grains in 200nnl Cu, Au, and Cr sputtered filnls on an
amorphous Si02 substrate. Lateral solidification of metals is found to
be possible only when several requirenlents are nlet, including 1)
Complete melting of the film in a spatially isolated (narrow line)
region, 2) Encapsulation with a Si02 capping layer to suppress the
dewetting behavior commonly observed in molten metal films, 3)
Avoidance of nucleation to allow lateral solidification to proceed.
Details of the irradiation paranleters will be presented, along with
estinlates of interface velocities and tenlperatures. TEM analysis of
post-solidified microstructures will be used to characterize the defects

and crystal morphology of the rapid laterally solidified films produced
by this technique.

SESSION 07: Thin Film Plasticity- Modeling
Chair: Thomas Buchheit

Wednesday Afternoon, March 30, 2005
H.oom 2022 (Moscone West)

1:30 PM 07.1
Discrete Dislocation Study of Freestanding Thin Films. Lucia
Nicola1.2, Erik Van del' Giessen1 and Alan Needleluan2; IMaterials
Science Center, University of Groningen, Groningen, Netherlands;
2Division of Engineering, Brown University, Providence, Rhode Island.

Vlassak and co-workers at Harvard University enlploy a bulge test
nlachine to subject thin filnls to tension under plane strain conditions.
By polishing polycrystalline films down to various thicknesses, they
have obtained the dependence of the plastic response on film
thickness, in the range fronl 1 to roughly 4,unl independent of grain
size. In addition to bare copper films, they have also studied films
that are passivated by a very thin layer of nickel. Unloading and
partial inverse loading has revealed a strong Bauschinger effect in
passivated films. We report on discrete dislocation plasticity
calculations ainled at conlplenlenting these experinlents. Motivated by
the above-nlentioned experinlents, we enlploy a two-dinlensional
nlodel of a filnl with colunlnar grains, under plane strain conditions
perpendicular to the plane. The filnl is nlodeled as an infinite array of
rectangular grains, with a certain periodicity in the filnl direction.
Each grain in the unit cell has three slip systems according to
two-dinlensional rojection of cubic crystals, and its orientation is
randonl. Plastic defornlation occurs by the nucleation and nlotion of
edge dislocations, treated as line singularities in an elastic continuunl.
Periodic boundary conditions and traction-free conditions at the filnl
surfaces are incorporated through a finite-elenlent inlage solution. We
argue that a nleaningful conlparison with real three-dinlensional
free-standing polycrystal filnls requires that additional constraints be
inlposed to nlinlic the out-of-plane interactions between grains.
Results for varying filnl thickness, at constant grain size, are
presented for a set of parameter values that have been fitted to the
Vlassak et al. experimental data. The predicted film thickness effect is
shown to be due to the piling-up of dislocations against the
inlpenetrable passivation layer. This also provides an explanation for
the origin of the Bauschinger effect upon unloading.

1:45 PM 07.2
Direct Dislocation Dynamics Simulation of Annihilation
Radius in Thin Films. Meijie Tang, Lawrence Livernlore National
Lab., Livernlore, California.

In heteroepitaxial thin filnls, the threading dislocations interact with
each other through a series of annihilation reactions to reduce their
density as filnl thickness increases. Several nlodels were able to
predict the well established Ilh behavior [1]. However, a crucial
paranleter that was often treated unknown is the annihilation radius
betwen a pair of anti-parallel dislocations. The annihilation distance
is deternlined by the balance between the elastic interaction (Le., the
Peach-Kohler force) between them and the lattice resistance. With the
presence of free surfaces, the elastic stress fields can be significantly
altered. Depending on the relative orientation between the dislocation
and the free surface, there is no easy analytical solution to calculate
the interaction force between two dislocations inside a thin filnl. We
developed a dislocation dynamics (DD) method that was coupled with
a finite element model (FEM). A practical and robust algorithm is
inlplenlented in this coupled DD-FEM approach to treat iluage
stresses at the free surfaces. In this work, the coupled DD-FEM
nlethod is used to calculate the annihilation distance of a pair of
inclined dislocations in a nletallic systenl by perfornling direct DD
sinlltlations. The results show strong dependence on the fihu thickness.
While both the line tension and the inlage stresses play inlportant
roles, the inlage stresses significantly reduce the annihilation distance.
The work is performed under the auspices of the U. S. Department of
Energy by the University of California, Lawrence Livenuore National
Laboratory under Contract No. W-7405-Eng-48. [1] A. E. Romanov,
W. Pompe, G. E. Beltz, J. S. Speck, Appl. Phys. Lett. 69 (1996) 3342.

2:00 PM 07.3
Comparison of Dislocation-SFT Interactions in Bulk and Thin
Film Materials. Yury Osetskiy', Roger E. Stoller2 and Steven

Zinkle2
; 'Computer Sciences and Math, ORNL, Oak Ridge,

Tennessee; 2Metals and Ceranlics, ORNL, Oak Ridge, Tennessee.

Thin-filnl in-situ straining experinlents are often used to study details
of dislocation-obstacle interactions. These mechanisms are used then
in interpretation of nlechanical testing of bulk sanlples. In this paper
we present the results of large-scale atoluic-level nlodeling of screw
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dislocation dynamics in bulk eu and thin films with free surfaces. The
case considered as an exanlple is related to quenched and irradiated
fcc llletals with a low stacking fault energy when the d0111inant
111icrostructure is a high nU111ber density of stacking fault tetrahedra
(SFTs), which is vacancy-type defect with a rather high stability. We
denlonstrate that cross-slip is an inlportant 1118Chanis111 of dynanlics of
screw dislocations and interaction with SFTs and the results of this
interaction i.e. critical resolved shear stress, 111icrostructural changes,
et.c. depend on whether bulk metal or thin film are considered,
tenlperature and strain rate. The results ohtainerl fixe lIsen in
interpretation of experinlental observations in irradiated and in-situ
strained metals.

2:15 PM 07.4
Dislocation Evolution in Thin Film-Substrate
Heterostructures. Lizhi Sun and E. H. Tan; University of Iowa,
Iowa City, Iowa.

A novel dislocation dynanlics fran18work is developed to sin1ulate
dislocation evolutions in thin film heterostructures. It. is haseo on :l-D
dislocation motion together with its physical background by adding
the solid viscous effect. As the numerical simulation results
den10nstrate, this new n10del con1pletely solves a long-standing
paradoxical phenomenon with which the simulation results were
dependent on dislocation-seglnent lengths in the classical discrete
dislocation dynamics theory. The proposed model is applied to
sin1ulate the effect of dislocations on the n1echanical perforn1ance of
thin filn1s. The interactions an10ng the dislocation loop, free surface
and interface are rigorously con1puted by decolnposing this
complicated problem into two relatively simple sub-problems. This
model is allowed to determine the critical thickness of thin films for a
surface loop to nucleate and to sin1ulate how a surface loop evolves
into two threading dislocations. Furthermore, the relationship between
the film thickness and yield strength is constructed and compared
with t.hp convpntional Hall-Ppt.ch rplat.ion.

2:30 PM *07.5
Deposition and Characterization of Ti-Ni-Pd and Ti-Ni-Pt
Shape Memory Alloy Thin Films. Greg P. Carman, Daniel Shin

and K. P. Mohanchandra; MAE, UCLA, Los Angeles, California.

Thin films of Ti-Ni-Pd and Ti-Ni-Pt shape memory alloys are
produced by d c magnetron sputtering technique on (100) Si
substrates. Targets with different compositions of Ti-Ni-Pd
(Tis4NilGPd30, Tis4NiGPd4o and Tis4Ni2Pd44) and TiG4Ni2GPt20 are
used for the present study. Film deposited onto a silicon substrate at
an1bient ten1perature is alnorphous and insitu annealing at 600° C for
Ihour crystallizes the film. Film crystalline structure, phase
transforn1ation, n1icrostructure and residual stresses are characterized
by X-ray diffraction, differential scanning calorimeters (DSC),
transmission electron microscope (TEM) and wafer curvature
methods. X-ray diffraction data show that the structure of the
martensitic phase is orthorhombic (BIg). Composition of the films is
determined using electron probe micro-analyzer (EPMA). Results
indicate that as the Pd content increases to 40at% the transformation
ten1perature Ai, austenite finish ten1perature, increases up to 425°C.
For the Ti-Ni-Pt film, even at 20at% Pt, the austenite finish
temperature is 425°C. TEM micrographs show both Ti-Ni-Pd and
Ti-Ni-Pt films have well defined twin structure at ambient
ten1perature. Experin1ental data also den10nstrate that all the filn1s
fabricated exhibit the classic shape memory effect.

SESSION 08: Novel Testing Techniques
Chair: Thomas Buchheit

Wednesday Afternoon, March 30, 200fi
Room 2022 (Moscone West)

3:30 PM 08.1
Effects of Specimen Alignment on the Mechanical Properties
of Polysilicon Film. Shin-Woo Kim l , Chung-Seog Ohl and Hak-Joo

Lee2
j 1 Mechanical Engineering, Kun10h National Institute of

Technology, Gun1i-si, Gyeongbuk, South Korea; 2Structural Research,
Korea Institute of Machinery and Materials, Daejeon-si, South Korea.

The uniaxial freestanding speciInens are conunonly used to
characterize the n1echanical properties such as elastic n10dulus, tensile
strength, fatigue strength, etc. for a thin fihn. Because tensile tests
have the advantage of unifonn stress and strain fields, which is why
they are the n10st way to detennine n1echanical properties at larger
scales. However, they have disadvantages at sn1aller scales in that
specin1en preparation can be expensive and speciInen gripping Inay be
difficult. Especially, gripping and alignn1ent are fraught with potential
errors. In reality, the elastic n10dulus, tensile strength, and fatigue
behavior are very dependent on not only the fabrication procedures
but also the test methods. The aim of this paper is to investigate the

effects of specin1en alignn1ent on the elastic n10dulus, tensile strength,
and fatigue behavior. The specimens are fabricated at the MEMScAP
by the PolyMUMPs process. The gage section is 1 mm long, :I um
thick, and 50 um wide. There are two gold lines, which are 0.25 mm
apart, that are the reflective lnarkers for the strain n1easuren1ent
using the ISDG (interferometric strain/displacement gage). A t.ensile
test is preceded to n1easure the elastic n10dulus in the elastic range to
a fatigue test to assure the specin1en alignn1ent. A con1n1ercial
piezoelectric actuator and a hon1elnade voice coil actuator are utilized
for the low and the high cycle fatigue test, respectively. The 100.0 is
n1easured by a conunercial load cell and controlled by a closed-loop
feedback control program during a fatigue test. The elastic modulus is
varied from 130 to 160 GPa according to the height difference, which
is only 1 n1icron, between the load line and the specin1en centerline.
In addition, the tensile strength reaches up to 1.7 GPa. It is very
interesting to note that the modulus is very dependent on the
specin1en alignlnent but reaches a n1axin1un1 value of 160 GPa at the
best alignment. This fact is applied to find the best alignment before
doing a fatigue test. A S-N (stress-life) curve of polysilicon film with
the best alignment condition is obtained and compared with the
results of other researchers. It should be noted that the S-N curve we
obtained shows n1uch higher fatigue resistance than the other results.
This in1plies that the specin1en aliglunent plays a crucial role in doing
a fatigue test. The better the alignment, the higher the modulus and
tensile strength, and the higher the fatigue strength. The test
procedures and son1e interesting test results will be introduced in
detail.

3:45 PM 08.2
Thermal Expansion of Low Dielectric Constant Thin Films by
High-Resolution X-ray Reflectivity. Kazuhiko Omote, Rigaku
Corporation, Akishin1a, Tokyo, Japan.

In recent years, npw low diplpctric constant n1atprials havp hppn
considerable interest for reducing dielectric constants of interlayer
insulators. For introducing such new n1aterials into n1icroelectronic
devices, thermal properties of the film is very important, because of
the fihn will undergo the thennal stresses in the fabricating processes
of the devices. X-ray reflectivity (XRR) technique is known to be able
to measure density and thickness of thin films very accurately. We are
trying to n1easure density and thickness changing rising to the filn1
ten1perature by this technique. However, thennal expansion

coefficients of materials are typically about W( -5) /K and the changing
n1ay be less than one percent, even if the ten1perature is rising 100
degrees. Therefore, we need a very accurate XRR n1easuren1ent for
detecting thermal expansion of the film materials. For this purpose,
we have developed a high-precision gonion1eter and high-resolution
crystal bean1 conditioner and analyzer systen1. The repeatability of
the measurements has been achieved to be within plus minus 0.3
arcsecond. The samples are deposited by CVD method and including
very small pores (about one nanometer in diameter). Experiment was
carried out in nitrogen atn10sphere up to 400 degrees after preheating
for evaporating adsorbed water. Thp data wprp corrpct.pd at hoth
heating and cooling processes for confirn1ing the filn1 n1aterials was
not deteriorated. The density and thickness of the film was
detern1ined by the least square fitting for n1inin1izing the residual
error between the observed experimental data and XRR calculation.
The estimated error of the obtained density and thickness are about
0.2% and 0.05%, respectively. From the thickness changing of the film,
we could estimate z-direction (normal direction) coefficient of linear
thennal expansion, beside fron1 the density changing, we could
estimate coefficient of volumetric thermal expansion, independently.
We will discuss these obtained values con1paring other Inaterials and
also discuss the relation between the z-direction linear thermal
expansion and the volun1etric thennal expansion.

4:00 PM 08.3
Investigation of Local Stress Fields: Finite Element Modelling
and High Resolution X-Ray Diffraction. Audrey Loubens1.2,

Christian Rivero1.3, Philippe Boivin3 , Barbara Charlet4
, Roland

Fortunier2 and Olivier Thomas l ; lTECSEN UMR 6122, Marseille,
France; 2Ecole Nationale Superieure des Mines de Saint Etienne CMP
Georges Charpak, Gardanne, France; 3ST Microelectronics, Rousset,
France; 4CEA Leti, Grenoble, France.

The influence of local stress fields on the electrical properties of
Si-based nanostructures is of increasing concern. The experilnental
evaluation of stresses at the required scale (few nanolnetres) relnains,
however, a very challenging task. We propose a non destructive X-ray
diffraction technique for local strain Ineasuren1ents using a laboratory
radiation source. This technique provides an alternative route to
n1icro diffraction experin1ents. High resolution X-ray diffraction is
used to analyse the diffraction from the periodic strain field induced
in silicon by a periodic array. We analyzed arrays of Si3N4 lines (two
arrays with the following diInensions: thicknesses: 400 nln and 500 nn1,
widths: 650 lUll and 900 lUll, pitches:280 nn1 and 320 nn1) on silicon,
and arrays of single crystal Si lines (three different periods: 2,1 and
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0.6 micrometers, width: period/2, thickness: 100 nm) etched in SOl
(Silicon On Insulator) and capped with Si02 and Si3N4. Reciprocal
space 111aps were perforn1ed around the Si substrate diffraction lines.
A Bartels 4 reflections Ge 220 111onochrol11ator was used in
c0111bination with a 3 reflections Ge 220 analyser. X ray diffraction
rocking curves performed on Si 004 and Si 224 reveal distinct
superlattice peaks whose spacing is related to the in-plane periodicity.
Reciprocal space luaps reveal particular intensity distributions caused
by the stress gradient in the transverse and perpendicular directions of
the lines. Reciprocal space maps obtained by High Resolution X-Ray
Diffraction are cOInpared with Inaps calculated fro111 displacen1ent
fields derived from finite element modeling. Finite Element Modeling
mdlcates that the stress induced by the Silicon lines on Insulator in
the underneath Si substrate decreases abruptly, on about hundred
nan0111etres, fro111 300 MPa to few MPa. Very clear superlattice peaks
are, however, observed around the bulk Silicon substrate reciprocal
lattice nodes, which indicates a great sensitivity of this nlethod to
elastic stresses. The influence of the lines aspect ratio on the
reciprocal space nlaps has been studied both experinlentally and
through nlodelling. Large variations are observed but the separate
influence of each stress tensor conlponent still needs to be identified.

4:15 PM 08.4
Determining Forces of Self-Assembly in Thin Films by
llleasuring Therlllal Vibrations. Konrad Thuernler and Nonnan
Bartelt; Sandia National Laboratories (CA), Livermore, California.

Deposition of sulfur onto a nlonolayer of Ag on Ru(OOOl) transfornls
the herringbone pattern of the clean Ag-filnl into a strikingly regular
array of 2D-vacancy islands [K. Fohl et al. Nature 397 (1999) 238].
We have previously shown (Fhys. Rev. Lett. 92, 106101-1 (2004)) that
this nanonleter-scale restructuring proceeds via nlisfit dislocation
reactions. In this talk we will discuss nleasurenlents, which show that
the arrangenlent of the dislocations deternlines the nlechanical
stability of the final self-assenlbled structure. In scanning tunneling
nlicroscopy inlage sequences we observe the vacancy island lattice to
vibrate on a tenlperature dependent tinle scale. The anisotropy of
these thermal vibrations allows us to determine the nature of the
forces keeping these holes in a well-ordered triangular lattice.
Surprisingly, our nleasurenlents reveal a significant force conlponent
perpendicular to the line connecting a vacancy pair. Using a 2D
Frenkel-Kontorova lllodel we can explain the observed anisotropy of
the hole-hole interaction as a property of the dislocation network in
the Ag film. Substrate-mediated elastic dipole interactions due to
variations in surface stress are often invoked to explain self-asselnbly
in thin filnls. Our nleasureillents rule out the inlportance of these
interactions in this systelll because they would generate a force
between neighboring holes acting only along the connecting line.

4:30 PM *08.5
Using the Electron Microscope to Explore Reliability in
Nanostructured Materials. Eric A. Stach1.2, D. Ge2

, A. Minor2, J.
W. Morris3 , V. Gopal" and V. Radmilovic"; "School of Materials
Engineering, Purdue University, West Lafayette, Indiana; 2National
Center for Electron Microscopy and Materials Science Division,
Lawrence Berkeley National Laboratory, Berkeley, California;
3Departnlent of Materials Science and Engineering, University of
California, Berkeley, California; 4Departlnent of Materials Science and
Engineering, Pennsylvania State University, College Station,
Pennsylvania.

In this presentation, we will discuss the developnlent and application
of a nunlber of novel in - situ electron nlicroscopy techniques that
exploit the inherent high resolution and dynanlic inlaging capabilities
of the electron microscope to explore mechanical and
electronlechanical reliability of nanostructured nlaterials. We have
built a unique sample holder that allows us to perform
nanoindentation of nlaterials inside the transnlission electron
nlicroscope (TEM). This lets us apply a lllechanical force to a
particular area of an electron transparent nlaterial and observe in real
tinle the internal nlechanisnlS by which the salnple responds to the
applied load. In the nlajor part of this presentation, we will review
our work on nlodel nletallic (AI) and seilliconducting (Si) nlaterial
systenls, with an enlphasis on how nanoscale size effects can
fundanlentally alter nlaterial hardness. In the case of alulninunl we
find that as grain sizes shrink, the participation of grain bound~ries in
the defonnation process yields easy dislocation nucleation and thus
significant softening of the nlaterial. For silicon, the presence of free
surfaces associated with sillall sanlple changes the predolninant
defornlation nlode fronl one of phase transfonllation to dislocation
plasticity. Finally, we will discuss the development and preliminary
application of a new in-situ technique for probing the
electronlechanical reliability of nanostructures, that of in-situ
electrical biasing. Details of a new nanoscale contact nlethodology
based on focused ion beanl patterning will be reviewed, and initial
results of electrOlnigration in silver nanowires will be presented.

SESSION 09: In-Situ Characterization Techniques
Chair: Andrew Minor

Thursday Morning, March 31, 2005
Room 2022 (Moscone West)

8:30 AM *09.1
In-Situ TEM Study of Plastic Stress Relaxation Mechanisms
in Metallic Films. Marc Legros", Gerhard Dehm2

, T. John Balk3

~nd Eduard Arzt2
; "CEMES-CNRS, Toulouse, France;

Max-Planck-Institut fuel' Metallforschung, Stuttgart, Gernlany;
3Chenlical and Materials Engineering, University of Kentucky,
Lexington, Kentucky.

The nlechanical behavior of nletallic filnls with sub-nlicron thicknesses
brings to front puzzling questions about snlall scale plasticity and
interfaces effects. When bonded to a rigid substrate such as silicon or
sapphire, and thermally cycled, metal films (AI, Cu, Au) exhibit an
increase of yield stress with decreasing thickness. This effect is weaker
for filIns epitaxially grown on their substrate than for filnls attached
to a substrate previously coated with an anlorphous diffusion barrier.
Recent in-situ TEM (Transmission Electron Microscopy) experiments
on Cu or Al thin films have shown that this amorphous interface can
act as a dislocation sink, in a very silnilar way to free surfaces in free
standing filnls. In the sanle tinle, dislocation sources are scarcely
observed during in-situ tests, and alnlost exclusively in the case of an
epitaxial interface. Such findings, conlbined with the lower nlechanical
resistance of epitaxial filnls on sapphire, weaken the current
"threading dislocations" nlodels. On the other hand, nlany recent
experinlents show that substantial diffusional phenonlenon take place
in these filnls: grain boundary diffusion (that nlay trigger zero stress
parallel dislocation glide), whisker formation, pipe diffusion. Some of
these nlechanisnls, although difficult to observe dynanlically, nlay
relax most of the applied stress. This talk will focus on results
obtained in different cfc nletals thin filnls using in-situ and
post-nlortenl TEM and SEM observations. Differences and sinlilarities
between free standing and bonded filnls will be discussed fronl a
nlicrostructural point of view.

9:00 AM 09.2
In-situ Stress Characterization in MEMS Thin Suspended
Metallic Melllbrane. Wei Wei1

, Mark Bachnlan2 and Guann-Pyng

Li 3
; "Integrated Nanosystem Research Facility, ChEMS, DC, Irvine,

Irvine, California; 21ntegrated Nanosystelll Research Facility, EECS,
UC, Irvine, Irvine, California; 31ntegrated Nanosytenl Research
Facility, EECS, UC, Irvine, Irvine, California.

Foundry CMOS processes are widely adopted for Micro
Electro-Mechanical Systems (MEMS) research nowadays. Since these
processes are initially developed for electronic devices and properties
investigation, the nlechanical properties related stability issues of
MEMS devices are not always addressed. One of the crucial
conlponents in MEMS devices is suspended nlenlbrane, nletallic or
nonnletallic. Such conlponents are in a constant nlotion under various
actuation or stimulation in response to ON and OFF. One of the
nlajor failure nlechanisnls for this type of structure is stress induced
fatigue and fracture during cycling loading and unloading. Although a
lot of research efforts have been endeavored in applying MEMS
structures into a wide range of applications, such as RF
conlnlunication, cheillical and bioilledical sensing, and so on, the
current understanding of the stress induced device failure nlechanisnls
are still linlited. As a result, how to inlprove the structure properties
from mechanical point of view for a better device performance is still
an area need further investigation. The first step in tackling the
stability issue of MEMS devices with a suspended nlelnbrane as a key
component is to fully understand the residual stress and stress field
under actuations in the nlenlbrane. Several approaches have been
developed and acconlnlodated, such as bulge test, nlicro-tensile and
nlicro-bending test, nano-indentation test, and dynanlic vibration
test. Anlong these techniques, only nano-indentation test does not
require specific specinlens nleasurenlents. Apparently,
nano-indentation test is not an appropriate approach for nlechanical
testing of suspended structures. Further nlore, the nlechanical
properties of MEMS structure, which is normally in the
nlicro-donlain, are size-, thickness-, and geonletry-related. As a result,
in-situ characterization techniques need to be inlplenlented. In this
study, suspended alunlinunl nlenlbrane structures are constructed in
five steps: silicon dioxide sacrificial layer deposition, alunlinunl filnl
deposition, filnl patterning, filnl selective etching, and sacrificial layer
etching. High Resolution X-Ray Diffraction (HRXRD) technique is
enlployed to characterize the suspended alunlinunl nlenlbrane
structure. X-Ray beanl is confined to around 10 nlicronleter in
dinlension and directed to different spots on the nlenlbranes. <111 >
texture is observed fronl X-ray diffraction pattern in each filnl
deposited using high vacuunl thernlal evaporation technique. The
diffraction peak locations of stressed nlelnbranes are conlpared with
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an unstressed counterpart and residual stresses are inferred fron1 the
lattice constant distortion. Residual stresses in suspended n1en1branes
are n1easured under different device din1ensions, filn1 thickness, and
geon1etries. A con1parison of residual stress status is also lnade
between suspended Inen1brane and Inen1brane on substrate.
Experin1ental results are also con1pared with finite elelnent n1ethod
simulation results to verify the validity of our approach.

9:15 AM 09.3
Nanometrology of Multilayer Polymer Thin Films.
Christopher M. Stafford, Shu Guo and Martin Y. M. Chiang;

Polyn1ers Division, National Institute of Standards and Technology,
Gaithersburg, Maryland.

Nanotechnology pron1ises to revolutionize a growing set of lnaterials
applications ranging fron1 electronics to drug delivery to ballistic
protection. However, the quest to engineer n1aterials on the nanoscale
(e.g., in the form of ultrathin films) is met with the daunting task of
n1easuring the physical and n1echanical properties of these systen1s.
Understanding the n1echanical properties of nanofihns is especially
critical in the fabrication of MEMS, NEMS, and electronic devices.
Often, device geon1etry and function requires n1ulti-Iayer assen1blies.
Current n1ethodologies such as indentation can probe the bulk
n1echanical properties of each lnaterial individually but are challenged
by thin polymer films as well as multilayered structures. We will
discuss the application of our buckling-based n1etrology to n1easure
the mechanical properties of multilayer assemblies. Multilayer stacks
are assembled on PDMS substrates by a successive film transfer
process. Experin1ent results for several n1ultilayer geon1etries will be
con1pared to nun1erical and analytical solutions for the buckling
wavelength and the resulting calculation of the filn1 n10dulus.

9:30 AM 09.4
Fiber-Optics Low-Coherence Integrated Metrology for in-situ
Non-Contact Characterization of Novel Materials and
Structures. Wojciech J. Walecki, Alexander Pravdivtsev, Manuel

Santos, Kevin Lai, S. H. Lau and Ann Koo; FSM, San Jose, California.

Low coherence optical interferometry [11 has been proven to be an
effective tool for characterization of thin and ultra-thin sen1iconductor
Si and compound wafers [2]. In this paper we extend this method to
characterization of strained Si wafers, SOl and other novel structures.
The n1etrology of stress and topography of silicon wafers is a n1ature
field. Available solutions are mainly based on large aperture optical
interferon1eters, laser scanning solutions, and capacitance tools. Free
space optical interferon1eters for 300 nun applications are expensive
due to high cost of optics and precision n1echanical n10unts. DllR to
large diInensions, and n1ass they are difficult to integrate for in-situ
applications, or with other n1etrologies. Capacitance n1ethod however
is not suitable for n1easuring thickness of sen1i-insulating and
insulating n1aterials, and does not provide insight in the internal
structure of layered systen1s such as SOL Laser scanning solutions are
offering better value than these two earlier n1entioned technologies.
Laser scanning tools are easier to adapt in integrated environn1ent,
and have greater potential for in-situ application. They do suffer
however froln certain inherent lilnitations of accuracy inherent to
scanning technology. In our paper we propose technique nased on our
recently developed dual probe low coherence. We demonstrate that
this technology has capability to evaluate both surface topography
and thickness of measured layers with reproducibility 50 nm (in
laboratory conditions). Typical reproducibility of n1easured stress is
shown in Table 1. Due to small probe size and arbitrary large standoff
distance this n1etrology can be easily integrated in in-situ
environn1ents and is fully con1patible with other optical n1etrologies
such as thin filn1 reflection spectroscopy, Ran1an spectroscopy or
scatteron1etry. 1. D. Huang, E. A. Swanson, C. P. Lin, J. S. Schun1an,
W. G. Stinson, W. Chang, M. R. Hee, T. Flotte, K. Gregory, C. A.
Puliafito, J. G. FujiInoto, "Optical coherence tOlnography,ll Science
254, 1178-1181 (1991). 2. Wojciech Walecki, Frank Wei, Phuc Van,
Kevin Lai, Tin1 Lee,SH Lau, and Ann Koo, "Interferolnetric
Metrology for Thin and Ultra-Thin Con1pound Sen1iconductor
Structures Mounted on Insulating Carriers" ,CS Mantech Conference,
May 3-6, 2004, Mialni Beach, Florida

SESSION 010: Aohesion ano Fradnre of Thin Films
Chair: Ka7.uki TakashinHl

Thursday Morning, March 31, 200fi
H.oom 2022 (Moscone West)

10:15 AM *010.1
Quantitative Evaluation of Interface Adhesion Strength in
Multilayer Films by Nanoscratch Test. Junichi Koike and Atsuko
Sekiguchi; Dept. Materials Science, Tohoku University, Sendai, Japan.

Quantitative evaluation of interface adhesion strength is very

important in order to undesrstand the mechanical reliability of
nanoscale devices. An10ng various n1echanical testing n1ethods
reported to date, nanoindentation and nanoscratch n1ethods can be
utilized to n1easure interface adhesion strength in a nanon1eter scale.
However, the obtained data often scatter in a wide range, lnaking
quantitative evaluation difficult. This is due to the fact that these
n1ethods have a nanon1eter spatial resolution and are strongly
influenced with anisotropic elastic-plastic behavior of an overlayer
above the interface. In the present work, physical processes of these
nano-testing n1ethods were investigated with finite elen1ent analysis
(FEA). The effects of the mechanical anisotropy on the measured
adhesion strength were also investigated. Finally, nanoscratch test was
actually performed on Cu/Ta(1-x)N(x)/Si02/Si and the interface
adhesion strength was evaluated with the aid of FEA. The FEA
results indicated that the nanoscratch test induces a large stress
concentration of shear and tensile con1ponents at the interface. The
size of the stress concentration region was of a few hundred nn1,
indicating the ability of the nanoscratch test in n1easuring adhesion
strength in a nanOlneter scale. The stress concentration was due to
strain incompatibility of the two layers above and below the interface.
The orientation-dependent elasticity and plasticity was found to
influence the n1agnitude of stress concentration via the n1agnitude of
strain incon1patibility. The adhesion strength of the
Cu/Ta(1-x)N(x)/Si02/Si could be successfully evaluated by taking
the maximum tensile stress as a measure of the interface adhesion
strength and by taking into consideration of n1echanical anisotropy.

10:45 AM 010.2
Adhesion on Metal-Polymer Interfaces during Uniaxial Plastic
Deformation. R. van Tijum1.2.3, W. P. Vellinga1.2.3 and J. Th. M.

DeHosson1. 2.3; 1 Applied Physics, University of Groningen, Groningen,
Netherlands; 2Materials Science Centre, Groningen, Netherlands;
3Netherlands Institute for Metals Research, Delft, Netherlands.

In an increasing nun1ber of applications n1etal-polyn1er lan1inates are
used as plates and afterwards formed to the final shape. During
forn1ing the change in roughness along the interface lnay cause
delan1ination of the polYlner coating. We present a nl1l11erical study
concentrating on the influence of the roughening a rigid n1etal
substrate on the adhesive energy of the polyn1er-n1etal interface. ThR
polYlner coating is described by various stages of defonnations that
mimic the response of Poly Ethylene Terephthalate. For the interface
between the n1etal and the polyn1er a n1ixed-n10de cohesive zone is
used characterized by adhesive energy, working distance, n1axin1un1
stress and a normal/shear stress ratio. The substrate is a self-affine
rough rigid n1aterial as characterized by the so-called Hurst exponent,
the correlation length and the RMS roughness. We find that the
adhesive energy of the interface scales with the RMS roughness
divided by the correlation length for a particular Hurst exponent, up
to the yield point of the polymer coating. After yielding the polymer
starts to soften n1acroscopically leading to lower stresses. This
decrease in the stress level occurs also at the interface, resulting in
partial recovery of the adhesive energy at the interface. When the
n1acroscopic hardening starts the recovery of the interface stops and
the adhesive energy starts to decrease again. In this paper we will
further discuss the influence of relevant n10del paran1eters, such as
interface paran1eters, elastic n10dulus of the polyn1er and coating
thicknRss.

11:00 AM 010.3
In-situ Observations of Cracks Propagating along Interfaces
Between Metals and Thin Polymer Films. W. P. Vellinga1.2, R.

van Tijun11.2 and J. Th. M. De Hosson1. 2 ; 1 Materials Science,
Applied Physics, University of Groningen, Groningen, Netherlands;
2Netherlands Institute of Metals Research, Delft, Netherlands.

Interest in the n1echanical properties of polyn1er-n1etal lan1inates is
rising since they appear in an ever-increasing nUlnber of applications,
as diverse as car panels and high-tech displays. The n1echanical
integrity of the interfaces in such applications is iInportant and
n1echanical failure is con1n10nly assulned to occur at the interface. In
this paper we present in situ observations of the propagation of cracks
along polylner-n1etal interfaces en1ploying the so-called Asyn1n1etric
Double Cantilever Beam test. Samples consist of Poly-Ethylene
Terephthalate (PET) spin-coated on steel, subsequently glued to a
glass support. The crack front is observed through the glass, with
optical (birefringence) n1icroscopy. Various in1age correlation and
analysis techniques may be necessary to extract the crack front shape
as a function of tin1e and position. ThR ohsRrvations show that in
general the crack propagation involves n10de III C0l11pOnents and is
inhon10geneous in tin1e as well as in space. Whereas the crack
n10ven1ent is sn100th on a lnacroscopic scale, on a n1icroscopic scale
crack n10ven1ent occurs because parts of the front becon1e unstable
and n10ves forward, so that it is ahead of the n1eal1 crack position.
Subsequently this disturbance spreads laterally along the front for
son1e distance. Results on PET-glass and PET-glue interfaces indicate
that such behavior is in fact quite con1n10n, and that in extren1e cases
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the lateral nloveluent associated with a disturbance luay span the
entire crack front (i.e. the sample width). In such cases the forward
movement of a crack front in fact consists entirely of lateral movement
of" double kinks" 1110ving along the front. Finally, the correlation of
crack front propagation and interface roughness, dictated by the
lllPtal sllhstratp will hp disc:usspd.

11:15 AM 010.4
Macro Stress Mapping on Thin Film Buckling.
Philippe Goudeau1 , Nobunlichi Taluura2, Guillaunle Parryl, Jeronle

Colin I , Christophe Coupeau l and Howard A. Padnlore2; ILMP,
SP2MI, University of Poitiers - CNRS, Futuroscope Chasseneuil,
France; 2 ALS, Lawrence Berkeley National Laboratory, Berkeley,
California.

The developnlent of thin filnls for industrial applications is constantly
increasing because deposition techniques provide new class of
nlaterials which are iIupossible to obtain with classical elaboration
processes. The structure which develops during thin £1lnl growth is
tightly controlled by the deposition process. Thin films deposited by
sputtering technique on non epitaxial substrates are often
nanocrystallines which confers to the £1lnl very interesting properties.
Depending on deposited atonl energy, thin filIns adherent to bulk
substrates are generally in a tensile or conlpressive residual stress
state which nlay affect their physical properties and their life tilne. In
the case of thin £1lnls deposited at roonl tenlperature by direct ion
beatn sputtering, biaxial conlpressive residual stresses in the sanlple
plane and interstitial defects in the unit cell are generally observed.
The stress magnitude is often very high (larger than the elastic limit
of the same material in the bulk state) and thus spontaneous
delamination phenomenon such as 1D wrinkling or 2D buckling may
appear for a critical film thickness (relaxation of the stored elastic
energy) when extracting the sample out side the deposition chamber.
Although a lot of theoretical works have been done to develop
mechanical models and calcnlat.ions (elasticity of thin plates, fracture
mechanic, finite element and analytical calculations) wit.h t.he aim t.o
get a better understanding of driven nlechanisnlS giving rise to this
phenomenon, only a few experimental work has been done on this
subject to support these theoretical results and nothing concerning
local stress/strain nleasurenlent nlainly because of the snlall
dimension of the buckling (few tenth micrometer). In this work, we
use micro beam X-ray diffraction (micro-XRD) available on
synchrotron radiation sources as a local probe (spatial) for analysing
stress/strain field associated with buckling of gold and tungsten thin
filn1s. Spontaneous as well as induced delalnination is studied. In
addition, the local surface curvature in Silicon wafers due to the
presence of He bubbles is also investigated. The X-ray diffraction
results are correlated with finite elenlent sinlulations.

11:30 AM 010.5
Interfacial Properties of Pure-Silica-Zeolite Low-k Thin
FilITls. Lili Hu l

, Zijian Li 2, Yushan Yan2 and Junlan Wang l
;

IMechanical Engineering, University of California, Riverside,
California; 2Chen1ical and Environn1ental Engineering, University of
California, Riverside, California.

In order to nleet the requirelnents of next generation IC technology,
the senliconductor industry is gradually nloving away fronl
well-established Al/Si02 technology to new Cu/low-k interconnects.
Significant effort is being devoted to the development of novel low-k
nlaterials. Pure-silica-zeolite thin £1lnls have been recently
demonstrated to be a promising candidate for low-k applications. A
key advantage of zeolite-based low-k materials is the ability to lower k
while nlaintaining higher nlechanical strength than other anlorphous
porous low-k materials. With the rapid development in the synthesis
process of different zeolite thin filnls and the evaluation of their
electronic perfornlance, characterizations of the nlechanical and
interfacial properties have also been brought to delnand. During the
integration process of low-k filnls with other senliconducting
conlponents, interfacial strength of the low-k lnaterial/substrate
interface plays an inlportant role in controlling the overall
perfornlance and lifetinle of the integrated devices. In this work, laser
induced thin film spallation technique is used to evaluate the
interfacial properties of zeolite low-k thin films on Si substrates
synthesized with three different hydrothermal methods. Different from
other adhesion nleasureluent techniques, laser-spallation nlethods load
the interface in a reluote, non-contact nlanner using laser-generated
stress waves. The quantitative results of interfacial adhesion provide a
reliable conlparative assessnlent aluong different low k thin £1lnls and
have great significance in the further optiIuization and applications of
low-k zeolite nlaterials.

11:45 AM 010.6
Environmental Effects on Crack Characteristics for OSG
Materials. Jeannette M. Jacques, Ting Y. Tsui, Andrew J.
McKerrow and Robert Kraft; Silicon Technology Developnlent, Texas
Instrun1ents, Inc., Dallas, Texas.

As silicon-based lllicroelectronic devices continue to aggressively scale
down in size, traditional BEOL dielectric nlaterials have beconle
obsolete due to their relatively high dielectric constant. For 90 nm
node devices, the group of nlaterials known as organosilicate glass
(OSG) has emerged as a likely choice for intermetal dielectrics. A
potential failure mechanism for this class of low-k dielectric films
during the nlanufacturing process is catastrophic fracture due to
channel cracking. The driving force for channel cracking is dependent
upon several filnl properties, including the nlodulus and residual
tensile stress. During fabrication, channel cracks can also fonn in a
tinle-dependent lllanner due to exposure to a particular environnlental
condition. Such nlechanisnls are cOlunlonly known as stress-corrosion
or environnlentally-assisted cracking. Within this work, the
environnlental inlpacts of pressure, anlbient, solution pH,
tenlperature, and solvents upon the channel cracking of OSG thin
filnls are concisely characterized. All environluental crack growth rates
are conlpared to saluples tested within alubient air. Storage under
high vacuunl conditions can significantly lower crack propagation
rates, while exposure to flowing nitrogen gas induces only a lninilnal
reduction. The crack growth rate experiences little fluctuation as a
function of solution pH. However, exposure to aqueous solutions can
increase the crack growth rate by three orders of lnagnitude. The
illlpact of active conlponents within conventional CMP slurries on
crack behavior was also investigated. The specific relationships
between filIn thickness, environnlental conditions, and the crack
growth velocity for OSG nlaterials are addressed at length.

SESSION 011/B7: Joint Session: Fatigue and Stress in
Interconnect Metallization

Chairs: Paul Besser and Ralph Spolenak
Thursday Afternoon, March 31, 200fi

Room 2004 (Moscone West)

1:30 PM *011.1/B7.1

Thermal Fatigue in Cu Films. Cynthia A. Volkert1.2, Reiner

Moeni~1.2, Erica Lilleodden1.2, Young Bae Park3.2 and Guang Ping
Zhang .2; I Forschungszentnun Karlsruhe, Karlsruhe, Gernlany;
2Max-Planck-Institut fuer Metallforschung, Stuttgart, Gennany;
3 Andong National University, Andong, South Korea; 4Shenyang
National Laboratory for Materials Science, Shenyang, China.

Cyclic loading of metals can lead to the formation of damage and to
failure even at loads that are well within the elastic range. In fact, the
loading conditions present in the thin nletal filnls and snlall nletal
structures used in nlany applications are often severe enough to lead
to fatigue failure. In this study, TEM and in-situ SEM observations of
thernlal fatigue danlage in sub-nlicron thick Cu filnls have been
perfornled. As the crystal dinlensions of the sanlples are decreased
below 1 nlicron, by decreasing filnl thickness and grain size, a clear
deviation frolll the characteristic fatigue dalllage of bulk n1etals is
observed. The changes in dislocation structures, dalnage nlorphology,
and failure lives are attributed to decreased dislocation nlotion and
increased interface contributions. In particular, in san1ples with
dinlensions snlaller than 300 nnl, the danlage nlorphology provides
evidence for sonle surprising defornlation nlechanisnls, such as twin
dissolution and faceted grain growth. The inlplications of these
observations on our fundanlental understanding of defornlation and on
the reliability of small metal structures in microelectronic applications
will he discnssed.

2:00 PM 011.2/B7.2

TEM-Based Analysis of Defects Induced by AC
TherrnornechHnicHl versus Microtensile DeforrnHtion in
Aluminum Thin Films. Roy H. Geiss, H.obert H.. Keller, David T.
Read and Yi-Wen Cheng; Materials Reliability, NIST, Boulder,
Colorado.

Thin films of sputtered aluminum were deformed by two distinctly
different experinlental techniques. One experinlent conlprised of
passing high electrical AC current density, 12.2 MA/cm 2 at 100 Hz,
through 800 nlicron long X 3.3 nlicron wide and 0.5 nlicron thick
patterned interconnect Al lines deposited on Si02 /Si subst.rates. The
other consisted of nlechanical tensile defonuation of a free standing Al
line 50 nlicron long X 5 nlicron wide and 0.5 nlicron thick at a strain
rate of about 10-4 /sec. In the electrical tests approximately 3X107

W /cn1 2 of energy was deposited at 200 Hz resulting in cyclic Joule
heating, which developed a total thernlonlechanical strain of about 0.3
% per cycle. The nlechanical test showed a fracture strain of only 0.5
% but did display ductile chisel point fracture. In both experiments,
certain grains exhibited large, greater than 30 degrees, rotation away
from an initial <111> orientation toward <001>, based on EBSD
measurements. TEM analysis of specimens from both experiments
showed an unusually high density of prislnatic dislocation loops. In
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the n1echanically-tested san1ples, a high density of loops was seen in
the chisel point fracture zone. While in cross sections of highly
defonned regions of the electrical test specilnens, very high densities,
>10 10 Icn1 3

, of sn1all, <10nn1 dialneter, prislnatic loops were observed.
In both cases the presence of a high density of prisn1atic loops shows
that a very high density of vacancies was created in the deforn1ation.
On the other hand, in both cases the density of dislocations in the
deformed areas was relatively low. These results suggest very high
incidence of intersecting dislocations creating jogs and subsequently
vacancies before exiting the san1ple. A discussion of this as well as
other possible sources of the high vacancy concentration will be
presented.

2:15 PM 011.3/B7.3
Employing Thin Film Failure to Form Templates for
Nano-Electronics. Rainer Adelung, Mady Elbahri, Shiva KUlna
Rudra, Abhijit Biswas, Sahid Jebril, Rainer Kunz, Sebastian Wille
and Michael Scharnberg; Materials Science, CAU Kiel, Kiel, Gern1any.

Recently, we showed that thin film stress can be used to form well
aligned and con1plex nanowire structures [lJ. Within this approach we
used stress to introduce cracks in a thin filn1. Subsequent vacuun1
deposition of n1etal leads the forn1ation of a lnetal layer on the thin
filn1 and of n1etal nanowires in the cracks of the substrate. Ren10val of
the thin film together with the excess metal cover finishes the
nanowire fabrication on the substrate. As stress can be intentionally
introduced by choosing an appropriate thin film geometry that leads
to a stress concentration, the cracks and consequently the nanowires
can be well aligned. Meanwhile, we have den10nstrated how to forn1
thousands of parallel aligned nanowires, x-and y-junctions or
nanowires with n1acroscopic contacts for sensor applications, silnply
by applying fracture n1echanics in thin filn1s. Christiansen and Gosele
called this approach" constructive destruction" in a COlnn1ent in
Nat.nre Mat.erials [21. This gives a hint how to overcome some
problen1s of the approach, arising fron1 the lin1its of thin filn1 fracture.
A generalization of the fracture approach by being" n10re destructive"
can overcome this limitations. This can be illustrated with an
exmnple: It is difficult to fonn pairs of parallel wires with a
nanOlneter distance of the pair, but a n1icrolneter separation between
the individual pairs. Structures like this are useful for many contact
applications including sensor arrays or field effect transistors. As WRll
as thin film fracture, thin film delamination can be well controlled by
fracture nlechanics. Latest experiInents show that the con1bination of
both, fracture and delan1ination, forn1s an ideal shadow n1ask for
vacuum deposition. Cracks with delaminated sides were used as
templates for the deposition of pairs of parallel wires consisting out of
different materials with only a few 10nm separation. This was done by
first sputtering a nletal under an angle of approx. 45° through the
delan1inated crack, which was used as a shadow n1ask. A SRcono
deposition of another n1etal is done afterwards under the opposite 45°
with respect to the salnple nonnal, having the crack located in the
middle between both deposition sources. The angle, the delamination
height and the crack width determine here the separation of the
nanowire contacts. We present several exan1ples which show how these
mechanisms of mechanical failure of thin films can be turned into
useful ten1plates for various nanostructures. We will focus here on two
standard thin film system, these are wet chemically deposited
photo-resist and flash evaporated an10rphous carbon. These exan1ples
are con1pared with finite elen1ent sin1ulations. Moreover, we show how
the delamination cracks can be also used as masks for the removal of
n1aterial. Down to 20nn1 wide channels produced by ion bean1
sputtering are shown. [1] H.. Adelung et aI., Nature Materials, 3, 375,
(2004). [2] S. Christansen and U. Gosele, Nature Materials, 3, 357,
(2004).

2:30 PM 011.4/B7.4
Deg;radation of Fracture and Fatig;ue Properties of MEMS
Structures under Cyclic Loading. Jong-jin Kim and Dongil Kwon;
School of Materials Science and Engineering, Seoul National
University, Seoul, South Korea.

The assessment of mechanical properties and reliability is essential to
the developn1ent, con1n1ercialization and n1iniaturization of
microelectromechanical systems (MEMS). The presence of flexural
elements in MEMS applications like gyroscopes, optical switches or
n1icrOlnirrors raises concern about the effects of cyclic loading on
n1aterial degradation or failure. Designing reliable MEMS devices thus
requires knowledge of both the strength of such structural materials
as silicon and nickel and also of its degradation with use. However,
bulk material properties cannot be used directly for microscale
systen1s because these properties deviate fron1 bulk scaling laws when
the characteristic diInensions becon1e sn1al1. Thus, testing n1ethods in
the n1icroscale range are of critical in1portance. In this study, the
effects of cyclic loading on the fracture and fatigue of MEMS
structures were investigated by con1bining resonance and lnicrotensile
n1ethods. Microtensile-cOlupatible resonating structures were designed
and fabricated by n1icron1achining that consisted of suspended bean1s,

shuttle, combs and two kinds of electrodes with different areas. Aft.er
these structures were electrostatically operated at their resonance
n10de by applying an AC voltage with a function generator, a
two-step sacrificial-layer ren10val process was applied. Then static and
dynamic loads much larger than electrostatic forces were applied by
piezoelectric-driven microtensile techniques. Rot.h t.est.s were
conducted in the san1e loading n10de as the resonance test so as not to
change failure n1echanisn1, as is essential in accelerated life or
degradation tests. Uniaxial strRss-strain n1RaSllfRnlRnt fRsults showRo
that tensile and fracture properties degraded with operation time at
the resonance nl0de. Fatigue properties were nleasured by applying a
pulse wave to a piezoelectric actuator: fatigue tests were conducted
and fatigue lifetin1es n1easured at various stress alnplitudes. Stress-life
(S-N) curves showed that fatigue lifetime and fatigue limit degraded
with operation tinle at resonance nlode in the san1e nlanner as tensile
and fracture properties. These results suggest that fatigue dan1age
accumulated during cyclic loading and increased with operation time.
The dependencies of the n1easured properties on operation tin1e were
quantified, and fatigue dan1age was confirnled by failure analysis.
Finally, the fatigue dalnage accunlulation and Inaterials degradation
due to cyclic loading were discussed in tenns of stress and lnaterials.

2:45 PM 011.5/B7.5
E1<,etri"al and Mechanical Reliability of Cu Alloy Thin Film
for Future Technology Node. Seol-Min Yi ' , Jeong-Uk An',
Yong-Hak Huh 2

, Young-Bae Park3 and Young-Chang Joo ' ; 'School of
Materials Science and Engineering, Seoul National University, Seoul,
South Korea; 2Strength Evaluation Group, Korea Research Institute
of Standards and Science, Deajeon, South Korea; 3School of Materials
Science & Engineering, Andong National University, Andong-si,
Kyungsangbukdo, South Korea.

With n1iniaturization of advanced integrated circuits fabricated using
the Cu danlascene process, the higher current density is applied to
and the thinner barrier layers are used in the lines therein. The high
current density and the thin barrier layer n1ay give rise to significant
reliability problems, electromigration and drift of Cu into dielectric,
respectively. Use of Cu alloy, as far as there is no significant increase
in the electrical resistivity compared to that of pure Cu, has been
suggested to address such problems. In this study, Mg and Ru were
chosen as the alloying elenlents. Under oxidization anlbient, Mg
diffuses to the surface of a Cu(Mg) alloy thin film, on which a
self-passivating Mg oxide layer is formed to block Cu drift into
dielectric nlaterial and to enhance adhesion with a capping layer. Ru,
which has the electrical resistivity lower than Ta(N) and negligible
solid solubility with Cu, is expected not to increase resistivity of the
corresponding Cu alloy. To characterize the effect of alloying elements
on barrier performance, time-dependent dielectric breakdown (TDDB)
under bias-temperature stress (BTS) tests were conducted using a
metal-insulator-semiconductor (MIS) st.flIct.nre. Dependence of such
effect on insulating n1aterial was also investigated. On the other hand,
the effect of alloying elelnents on resistance to electron1igration was
quantitatively estimated by measurement of the adhesion between
conducting n1etal and capping layers using the standard four point
bending method. Since it is established well that the dominant path
of electron1igration in the Cu dalnascene structure is along the surface
or interface, i.e. between Cu and a capping nlaterial, adhesion nlay be
used as a effective measure to characterize the surface or interface.
With the results of the microstructural and compositional analysis,
the role of each alloy element in its alloy will be identified and
discussed.

3:30 PM *011.6/B7.6
Effect of Microstructure and Dielectric Materials on
Stress-Induced Damages in Damascene Cu/Low-K
Interconnects. Young-Chang Joo and Jong-Min Paik; Materials Sci.
& Eng., Seoul National University, Seoul, South Korea.

The use of copper and low-k dielectrics led to various reliability
conCRrns which WRfR not issllRS in thR intRrconnRcts with ahln1inun1
and silicon oxide. For Cu/low-k interconnects, stress-voiding of Cu
has been addressed to the nlain failure n1echanisn1. Dan1ascene Cu
interconnects show significant differences in both nlicrostructural and
stress behavior compared to those of the Al interconnects patterned
using the etching process. Large thennal stresses nlay build up during
the successive thermal cycles due to the differences in the coefficients
of thermal expansion (CTE) of the component materials. Other than
thennal stresses, considerable an10unt of growth stress that is
originated frOln grain growth n1ay develop in dalnascene Cu
intRrconnRcts as wRIl. Furthern10re, use of various low-k lnaterials
having lower elastic n10duli and higher CTE nlake stress-related
failures even more complicated to understand. In this study, the effect
of nlicrostructure and dielectric n1aterials on stress-voiding was
investigated using both experinlental and theoretical approaches. The
grain structure and the stress of dan1ascene Cu lines having the width
ranging fron1 0.1 to 2 p,nl were analyzed using TEM and x-ray
diffraction. The contribution of the growth and thermal stress to the
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entire stress in the danlascene structure were estinlated by the finite
element analysis (FEA). From this result, we developed a simulator
based on FEA to assess the growth and the thermal stresses of a
via-line structure. It was found that the stress state of a via-line
structure varies dranlatically depending not only on their geonletries
but also on the mechanical properties of dielectric materials. The
corresponding failure is explained by the level of stress gradient as
well as the stress itself. Also, the stress redistribution and relaxation
induced by voiding was studied. Using our sinnI1ator and its results,
the mechanisms of stress-induced failure in Cu/TEOS and Cu/low-k
(having the high and the low CTE, respectively) are identified and
discussed.

4:00 PM 011.7/B7.7
Comparison of Line Stress Predictions with Measured
Electromigration Failure Times. Rao R. Morusupalli l , Willianl D.

Nix l , Janlshed R. Patel1.2 and Arief S. BudiIuan\ lMaterials Science
and Engineering, Stanford University, Stanford, California; 2Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL),
Berkeley, California.

Reliability of todays interconnect lines in lnicroelectronic devices is
critical to product lifetinle. The nletal interconnects are carriers of
large current densities and luechanical stresses, which can cause void
fornlation or luetal extrusion into the passivation leading to failure.
The nlodeling and silnulation of stress evolution caused by
electrOlnigration in interconnect lines and vias can provide a nleans
for predicting the time to failure of the device. A tool was developed
using MathCAD for simulation of electromigration-induced stress in
VLSI interconnect structures using a nlodel of electronligration
inollceo st.ress. This nl0del solves the equations governing atonlic
oiffllsion ;:lno stress evolllt.ion in one oinlension. A nllnlerical sollltion
schenle has been ilnplelnented to calculate the atolnic fluxes and the
evolution of nlechanical stress in interconnects. The effects of line
geonletries and overhangs, luaterial properties and electrolnigration
st.ress conoitions have heen indlloeo in the sinl11lat.ion. The tool has
been used to sinlulate electronligration-induced stress in pure Cu
interconnects and a conlparison of line stress predictions with
nleasured electronligration failure tinles is studied. Two basic linliting
cases were studied to place some bounds on the results. For a lower
bound estinlate of the stress it was assulned that the interface can be
treated like a grain boundary in Cu. For an upper bound estilnate it
was assulned that the interface can be treated like a free surface of
Cu. Existing data fronl experinlental salnples with known structure
geonletries and electronligration failure tinles were used to conIpare
the electromigration failure times with predicted stress build-up in the
interconnect lines.

4:15 PM 011.8/B7.8
Stress-Induced Void Formation in Passivated eu Film during:
Thermal Cycling; and Isothermal Annealing. Dongwen Gan, Bin
Li and Paul S. Ho; Laboratory for Interconnect and Packaging,
University of Texas at Austin, Austin, Texas.

Stress voiding in Cu nletallization is a critical yield and reliability
concern. Stress-induced void fornlation in a passivated electroplating
(EP) Cu film was studied during thermal cycling and isothermal
annealing with the filnl stress nleasured using a bending beanl
technique. An optic microscope was used for the in-situ observation of
the void formation and to determine the void density while SEM was
employed to measure the void size and AFM for the topography
analysis. In thernlal cycling, voids were found to fornl under tensile
stress and close under conlpressive stress, sinlilar to the void
formation observed by T.M.shaw at al [1] in wide copper lines. The
ranIping rate, filnl stress as well as the thernlal history were found
inlportant factors affecting the void fonnation in thernlal cycling.
During isothernlal annealing, the void density and void size as
functions of annealing tenlperature, and the void size as a function of
time when the film was annealed at 250 degrees were measured. A
critical telnperature and stress were found for the void fonnation with
the void density being proportional to the filtn stress, ann an
activation energy of O.75eV was deduced for the void growth. Finit.e
element analysis (FEA) models were set up to evaluate the local stress
gradients in Cu filnls due to the nlechanical anisotropy of Cu crystal,
and that in a void vicinity as a function of void size, which was
believed to account for the observed initial fast growth of a void.
Mechanisms for the void formation are discussed. 1. T. M. Shaw, L.
Gignac, X-H. Liu, R. R. Rosenberg, E. Levine, P. Mclaughlin, P-C.
Wang, S. Greco, G. Biery, Stress Voiding in Wide Copper Lines, AlP
Conference Proceedings, N0612,2002, p.177-83.

4:30 PM 011.9/B7.9
Stress Generation in PECVD SiN Thin Films for
Microelectronics Applications. Michael Belyansky', Nancy

Klynlko l , Anita MadanI, Anu Mallikarjunan l , Ying Li I , Ashinla
Chakravarti l, Sadanand Deshpande1

, Anthony DOlnenicucci1
,

Stephen Bedell ' , Edward Adams ' and Sey-Ping Sun2
; ' IBM

Microelectronics, Hopewell Junction, New York; 2Advanced Micro
Devices, Hopewell Junction, New York.

Stress generation in silicon is beconling one of the nlajor knobs in
boosting perfonnance of the leading edge nletal-oxide-selniconductor
field effect transistor (MOSFET) technology. Substantial increase in
device speed has been achieved by an application of highly stressed
silicon nitride liner (SiN) films, which in turn produce an uniaxial
stress in Si channel leading to electron and hole nlobility
enhancement. Thin SiN films (about 50nm) deposited by plasma
enhanced chemical vapor deposition (PECVD) have been analyzed by
a variety of analytical techniques including Fourier Transfornl Infrared
Spectroscopy (FTIR), X-ray reflectivity (XRR), and Rutherford
backscattering (RBS) to collect data on bonding, density and chenlical
conIposition respectively. Both tensile and conlpressive SiN filnls have
been deposited and analyzed. Mechanisnls of stress fornlation in SiN
thin films are discussed. It has been found that amount of bonded
hydrogen as detected by FTIR is higher for compressive films, and
correlates with higher film density as determined by XRR. Both the
density and nunlber of interfaces in a filnl, characterized by XRR,
affect the stress. Effect of deposition temperature and other process
parameters on stress have been studied. Exposure of SiN films to
elevated tenlperature after deposition lead to increase in tension and
degradation in cOlupressive stress. Process paralueters, such as
post-deposition treatlnents that result in nlodification of filnl structure
and nlagnitude of tensile and conlpressive stress have been delineated.

SESSION 012: Poster Session: Deformation, Growth
and Microstructure in Thin Films

Chairs: Thomas Buchheit, Andrew Minor, Ralph
Spolenak and Kazuki Takashinla

Thursday Evening, March 31, 200fi
g:OO PM

Salons 8-15 (Marriott)

012.1
Dislocation Sources and their Effect in the Initiation of
Plasticity at Shallow Indentation Depths. Suman Vadlakonda
and Mirshanls Reza; University of North Texas, Denton, Texas.

N anoindentation experinlents bring an appreciable interest in
nlaterials behavior at shallow depths of indentations. The discrete
Elastic-Plastic responses obtained during indentation at shallower
depths are of prinlary interest in understanding the nlechanisnlS of
defornlations in operation. Many attenlpts are being nlade by both
nlodeling and experinlental techniques to understand this discrete
responses obtained by nanoindentation experinlents. Reasons for
exhibition of such behavior still renlain unclear. In this paper, an
attenlpt is nlade to understand the effect of dislocation sources during
initiation of plasticity that finally define Elastic-Plastic responses and
the ongoing defornlation processes. Our attenlpt here tries to probe
the dislocation sources effect on deformation mechanisms at shallower
depths where nucleation of dislocations and the phenonlenon of
plasticity become quite complex. The metals of interest in this
research work are nanocrystalline and nlicrocrystalline Nickel,
nlicrocrystalline Tungsten, and Iron.

012.2
The Effect of Microstructural Inhomog;eneity on Grain
Boundary Diffusion Creep. Dorel Moldovan and Kanishk Rastogi;
Mechanical Engineering, Louisiana State University, Baton Rouge,
Louisiana.

Stress concentration at grain boundaries (GB), a phenoluena arising
fronl nlicrostructural inholnogeneity, is an ilnportant factor in
deternlining the nlechanical properties of polycrystalline nlaterials. In
this study we use nlesoscopic sinlulations to investigate characteristics
of the defornlation nlechanisnl of grain-boundary diffusion creep
(Coble creep) in a polycrystalline material. The stress distribution
along the grain boundaries in a polycrystalline solid under externally
applied stress is deternlined and the nlechanisnl of how topological
inhonl0geneities introduce stress concentrations and plastic strain
localization is investigated. Microstructures with inhonlogeneities of
various sizes and distributions are considered and their effect on the
interplay between GB diffusion and GB sliding mechanisms is
quantified.

012.3
Theoretical and Numerical Stability Analysis of Multi-Layer
Coatings Deposited on Soft Polymer Substrates. Shu Guo,
Chris M. Stafford and Martin Y. M. Chiang; Polymer Division,
National Institute of Standards and Technoloy, Gaithersburg,
Maryland.
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Thin fillns are used widely in technological applications involving
coatings, optical reflectors and filters, dielectric stacks, and
lithographic resists. Multi-layer coatings are con1n10n in these devices
for both function and lnanufacturing considerations. The successful
fabrication and reliable operation of structures with n1icro- or nano­
features are strongly contingent on an understanding of their
mechanical properties. A novel buckling-based metrology has been
reported for n1easuring Young/s n10dulus of n1ulti-layered thin filn1s,
but most solutions in literature consider only single layer systems.
Based on the classic laminate theory (CLT), mechanical stability of
multi-layer coatings deposited on soft polymer (PDMS) substrates will
be investigated and analytical solution will be developed. NUlnerical
analysis using finite element analysis (FEA) will also be conducted to
verify analytical solutions and compare to experimental results.

012.4
Transferred to K13.5

012.5
Defect Nucleation and Crack Propagation in Thin Films.
Daniel Pantuso I , Boris Voinov2, Murali Seshadri I, Sarangapani
Sistal , Sadasivan Shankarl and Victor Bashurin2; lIntel Corporation,
Hillsboro, Oregon; 2Intel Corporation, Sarov, Russian Federation.

The integration of new n1aterials in current and future
n1icroprocessors technologies has posed several challenges fron1 the
process and n1anufacturing point of view. One of the n10st challenging
issues is related to mechanical reliability of the interconnect
structures in the chip back-end interconnect systen1. It has becon1e
evident in recent years with the introduction of weaker low-k ILD
n1aterials and Cu n1etallization. In order to evaluate interconnect
reliability during processing and use conditions, a through
understanding of the physical phenon1ena involved is required. This
analysis is con1plicated due to the con1plex interactions between
multiple materials composing the system. It requires detailed
understanding of the n1anufacturing process, con1plete
characterization of the n1aterials involved in the systen1 and accurate
models. In this paper, we focus on the physics of thin film stress,
defect forn1ation and crack propagation fron1 a n1aterial and fracture
n1echanics point of view [1]. Our analysis is based on Inicro-n1echanics
and crack propagation analysis using n1ulti-scale n10dels. We study
the crack behavior in multi-stack thin films. We discuss the
in1plen1entation of n1icrolnechanical n10dels to account for dislocation
interactions and variations in dislocation densities leading to changes
in hardening behavior and defect forn1ation. Finally, we also discuss
issues related to material characterization and identify critical
paran1eters required for detailed n10deling analysis. References: 1. M.
Koslowsky, A. Cuitino, M. Ortiz, D. Pantuso and S. Shankar.
"Micron1echanical Modeling for Thern10-Mechanical Reliability of
Interconnects". MRS Fall meeting, 2004.

012.6
Fracture and Deformation of Thermal Oxide Films on Si(100)
Using a Femtosecond Pulsed Laser. Joel P. McDonald l

, Vanita
Mistry2, Katherine Ray2 and Steve Yalisove 3 ; 1 Applied Physics,
University of Michigan, Ann Arbor, Michigan; 2College of
Engineering, University of Michigan, Ann Abor, Michigan; 3Materials
Science and Engineering, University of Michigan, Ann Abor, Michigan.

Fen1tosecond pulsed lasers have shown pron1ise as n1eans to lnachine
and n10dify a variety of n1aterials and structures. Molecular dynan1ic
sin1ulations indicate that fen1tosecond laser pulses can generate shock
waves which propagate with speeds up to five tin1es the speed of
sound, yielding pressures on the order of 106 Gpa that persist several
picoseconds after the arrival the pulse at the n1aterial. Under the
influence of fen1tosecond radiation, interesting fracture and
defonnation phenon1ena potentially related to such shock waves and
pressures have been observed in thin fillns. In our work with thennally
grown oxide fillns on Si(100), we have observed phenon1ena in which
the surface oxide layer is either completely ejected from the Si(100)
surface, or forced up fron1 the Si/Si02 interface resulting in a
deformed, dome like feature. The characteristics of the laser-solid
interaction were found to be both film thickness and laser fluence
dependent. The observation of these phenon1ena will be discussed in
light of the transient stress present in the oxide layer under
femtosecond laser irradiation.

012.7
Effects of Humidity History of the Tensile Deformation
Behaviour in Poly(methyl methacrylate) (PMMA) Films.
Chiemi Ishiyama and Yakichi Higo; P & I Laboratory, Tokyo Institute
of Technology, Yokohan1a, Japan.

Tensile tests of Poly(methyl methacrylate)(PMMA) films were
conducted to clarify the effects of humidity history upon their tensile
properties using PMMA films. Prior to testing, thin film specimens
with a thickness of 100 I'm were kept under various relative

humidity(RH) conditions(l1, 54 and 98 %RH at 293 K) for 3 days to
adjust the sorbed water content to each hun1idity condition. Tensile
tests were first perforn1ed under the saIne hun1idities as those used for
storage before testing. These results show the tensile strength of
PMMA films tending to decreasing with increasing humidity. Tensile
deformation behaviour is more ductile at 11 and 54%RH although
drastically changing to a brittle one at 98 %RH. Secondly, testing was
perfonned under a high hun1idity condition using specilnens, which
had been kept at 11%RH prior to testing. After 1 hour of a storage
term in 98%RH, the tensile strength of PMMA films decreases
although the tensile deforn1ation behaviour ren1ains ductile. The
tensile deforn1ation behaviour drastically changes to a brittle n10de
after a 3 day storage term. Thirdly, data obtained a 11 %RH using
specimens equilibrated at 98%RH show that tensile strength increases
and tensile defonnation changes fron1 a brittle to a ductile n10de after
a 1 hour storage term under low humidity. All results suggest that the
tensile strength is decreased by llloisture around the specin1en
surfaces. The tensile strength of PMMA is strongly related to the
crazing stress, which usually appears on the surfaces of PMMA. Thus,
the n10isture around the surfaces n1akes the crazing stress decrease.
On the other hand, the results which shows a brittle manner appear
when the tests were perforn1ed at high hun1idity conditions using
specimens with high water content. This suggests that the ductile
mode must be affected by both absorbed water and the moisture
around specimens surfaces. The brittle behaviour of PMMA in high
humidity may be caused by the rapid growth of a few crazes. It is
considered that the crazing behaviour of the brittle mode may be
different fron1 that experiential under the other conditions.

012.8
Texture Control during; Low Energ;etic Growth of Copper
Thin FilITls. Moneesh Uplllanyu and Liang Haiyi; Engineering
Division, Materials Science Progran1, Colorado School of Mines,
Golden, Colorado.

We den10nstrate control of texture as well as its evolution rate during
low energetic growth of copper thin films. EAM-potential based
n10lecular dynaInics silnulations are perfonned of copper filn1 growth.
Using an initial <111>-<110> bi-textured simulation cell, the control
is exercised with respect to three deposition conditions; in-plane
strain, deposition rate, and angle of deposition. Our results show that
in the unstrained case, the thennodynan1ically stable <111> texture
don1inates, as expected. However, out-of-plane strain, low deposition
rate and oblique deposition angles can result in stable < 110>
textures. The texture con1petition can be explained in tenns of
surface and bulk energetics and kinetics. In cases where <110>
texture dominates, the < 111 > grain are observed to pinch off from
the surface, and in son1e cases result in dislocated <110> grains. We
expect this lllechanislll to play an in1portant role during texture
developn1ent in early stage of nanocrystalline filn1 growth.

012.9
Structural Control of Lithium Fluoride Thin Films.
Ozgur G. Yazicigil1.3, Dena Rafik2

, Vassili Vorontsov2 and Alexander

H. King l ; lSchool of Materials Engineering, Purdue University, West
Lafayette, Indiana; 2Materials Department, Imperial College, London,
United Kingdon1; 3Intel Corporation, Hillsboro, Oregon.

Lithium Fluoride thin films are often used as an "electron
photoresist," and they have many other potential uses because of
their unique optical and electrical properties. A barrier to their
application, however, is the poor understanding of how the filn1
structure is affected by the processing. AFM and TEM were employed
to study the structure of LiF films, produced by thermal evaporation.
The filn1s were studied as-deposited, and after annealing for 10
minutes and 6 hours at 250 0 C, which corresponds to 0.46 of the
absolute n1elting telnperature. AFM in-plane grain size calculations
confirmed the results obtained from dark-field TEM studies. The
grain sizes of 30nm thick LiF films grew to 1.5 times the film
thickness while the grain sizes of 50nn1 and 90nn1 filn1s grew to 0.8
and 0.6 times the film thickness, respectively. The porosity was
n1easured and found to range up to 40% (by volull1e) for the
as-deposited films. It is believed that the pores cause grain growth
stagnation, especially for the 50nm and 90nm LiF films. The
structures of LiF filn1s deposited at roon1 ten1perature are sin1ilar to
the Zone 1 structure proposed by Grovenor et a!. [1] for metal films.
Reference: [1] Grovenor, C. R. M., Hentzell, H. T. G., and Smith., D.
A., "The Developn1ent of Grain Structure During Growth of Metallic
Films," Acta Metal!. Vol 32 (5), pp.73-781, (1984)

012.10
Role of Stress on the Phase Control and Dielectric Properties
of (I-x) BiFe03-x Bao.GSro.5Ti03 Solid Solution Thin Films.
Chin Moo Cho, Hee Bun1 Hong and Kug Sun Hong; Materials Science
and Engineering, Seoul National University, Seoul, South Korea.

Dielectric properties and structure of (I-x) BiFe03 (BFO)-x
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Bao.GSro.GTi03 (BST) (x = 0 ~ 1) solid solution thin films were
investigated. All films were prepared at 600°C on (111) oriented
Pt/Ti02/Si02/Si substrates by pulsed laser deposition (PLD)
technique. Solid solution could be achieved in all C0l11position ranges,
evidenced by X-ray diffraction (XRD) and field emission scanning
electric microscope (FE-SEM). The intermediate compositions
(0.4<;:x<;:0.8) exhibit a distinct (111) oriented cubic perovskite
structl~, while rholllbohedra synunetry was found in the x < 0.4
range. Dielectric constant and tunability of the COlllpositionally graded
(I-x) BFO-x BST films within this region (0.4;;S,x;;S,0.8) decreased

from 1110 to 920 at 1MHz, and increase from 28.34% to 32.42% at
200kV/cm, respectively, while loss tangent remains constant. A
systenlatic decrease in lattice paranleter with BST addition reduced
stress due to reduction of lattice paralneter lllislnatch between filtn
and the substrate. In that range, the inlprovenlent of the dielectric
properties without a degradation of loss tangent is attributed to the
presence of the stress relaxation, which was quantitatively confinued
by a surface profiler based on Stoney equation.

012.11
Influence of Precursor Composition on the Chemical Vapor
Deposition of MgAl204 Oxides. Sanjay Mathur, Hao Shen, Eva
Hen1111er and Tho111aS Ruegan1erj Leibniz Institute of New Materials,
Saarbruecken, Gern1any.

We are investigating cheluistry-based approaches (e.g., Sol-Gel,
hydrothern1al, chen1ical vapor deposition) for the transforn1ation of
1110lecular cOlllpounds into nanocrystalline phases, which illustrate
that predefined reaction cheluistry and atoluically precise C0111position
of the precursors enforce a control over lllorphology, C0111position and
particle size, not possible to achieve by conventional 111ethods. A
salient exan1ple of the influence of precursor chen1istry on the 111aterial
properties was demonstrated for MgAl204 thin films deposited using
11101ecular precursors differing in the cheluical C0111position of their
organic periphery. For this propose, three Mg-AI alkoxides,
[MgAI2(OPri)8], [MgAI2(OBut)8] and [MgAI2(OBut)4H4] were used
as single nlolecular sources in a low pressure chenlical vapor
deposition process to obtain nanostructured MgAl204 films. The
choice of ligand tunes the intrinsic precursor properties (physical
state, vapor pressure, decoluposition teluperature etc.) and despite
the similar cation ratio (Mg:Al = 1:2), the films obtained from
[MgAI2(OPri)8], [MgAI2(OBut)8] and [MgAI2(OBut)4H4] show
significant differences in tenus of filnl properties (crystallinity,
nlorphology, luicrostructure and growth paranleters). Thennally
stable Mg-AI tert-butoxide with a luoderate vapor pressure produces
crystalline, dense and adherent MgAl204 films with higher value of
hardness. The growth rate was low for the isopropoxide conlpound
that is nlore volatile but suffers fronl structural instability and a
slight tendency of fragmentation in the gas phase that leads to poorly
crystalline films indicated in the diminished hardness of the films. The
correlation between nlicrostructure and hardness of filnls obtained by
three precursors was established using cross-sectional TEM studies of
foils prepared by focussed ion beanl (FIB). Our investigations
underline that the figure of luerit of the precursor is a trade-off
between chenlical paralueters (vapor pressure, structural and thennal
stability, nature of ligand, etc.) and the targeted lnaterial properties
(anlorphous or crystalline, dense or porous).

012.12
Precipitation of Macroscopically Compound-Curved Graphite
from Molten Metal. Steven Mason Winder and Jonathan W.
Bender; Chenlical Engineering, University of South Carolina,
Colunlbia, Colunlbia, South Carolina.

Kish graphite, a waste product of steel production, is routinely
produced by precipitation of carbon from a solution of carbon in
metal, usually iron. This catalytic method of synthesis routinely
yields highly crystalline graphite at temperatures well below 2000
degrees C. A similar method is now used to produce highly oriented
conlpound-curved graphite-like nlaterial. In principle, the surface of a
nlolten catalyst, such as iron, can be used to ilnpose an altnost
arbitrary shape on graphene precipitated from the catalyst. As a
proof of principle, several nearly spherical graphitic shells have been
synthesized within a custonl-built high vacuunl oven by electron
irradiation of targets conlposed of iron (occasionally nickel) and
carhon. Thpsp shplls can hp n10rp than 4n1n1 in dian1Ptpr and hllnnrpns
of micrometers thiclc Upon cooling, these graphite-like shells
routinely exhibit a phase transition in which the initially sn100th
surface fornls striking geonletric creases. This phase transition does
not appear to coincide with the solidification of the catalyst. The
wrinkling phase transition is tentatively identified as an
inconlnlensurate-to-conuuensurate phase transition, in which adjacent
graphene layers fall into registry with each other to form locally flat
graphite plates with shape and orientation reflecting the crystalline
orientation of the material. These facets are bounded by
creases-occurring in sets of three-that are frequently resolved under
an optical n1icroscope. Ex-situ techniques used to characterize this

novel n1aterial include SEM, AFM, Ranlan spectroscopy, and
backscatter electron diffraction. The appearance, luminosity, and
vapor pressure of the samples is determined during synthesis by CCD
camera, light meter, and quartz crystal microbalance (QCM),
respectively.

012.13
Residual Stresses in Anatase-Ti02 Thin Films Deposited on
Glass, Sapphire and Si Substrates. Ibrahim A. Al-Homondi ' ,
Linfeng Zhang2

, M. H. Rahn1an3, D. G. Geor§iev2, R. Naik4 , V. M.
NaikJ

, R. J. Baird2, L. Rinlai 2
, G. W. Auner and G. Newaz I ;

IMechanical Engineering, Wayne State University, Detroit l Michigan;
2Electrical and COluputer Engineering, Wayne State University,
Detroit, Michigan; 3Cheluical Eng. and Materials Science, Wayne
State University, Detroit, Michigan; 4Physics and Astronon1y, Wayne
State University, Detroit, Michigan; GNatural Sciences, University of
Michigan-Dearborn, Dearborn, Michigan.

Titaniun1 dioxide thin filn1s can be used in n1any device applications
such as gas and hun1idity sensors, anti-reflection and protective
coatings on optical eleluents, solar energy converters etc. The
reliability of any thin film device performance depends, to a large
extent, on the residual stresses in the filnls caused during the
fabrication process. Previous studies have shown that the residual
conlpressive stresses n1ay cause filtu delaluination fron1 the substrate
whereas the tensile stresses nlay cause surface cracks in the filn1s [1-3].
The present study deals with the nleasuren1ent of residual stresses in
crystalline Ti02 (anatase) thin films of different thicknesses (100 to
1000 nm) deposited on glass, sapphire and Si(100) substrates using
pulsed D.C. nlagnetron reactive sputtering. Ran1an spectroscopy and
curvature (deflection) techniques have been used to nleasure residual
stresses in these Ti02 filn1s. A Ti source in Ar + 02 gas n1ixture was
used at optinlized deposition conditions of growth pressure, power,
substrate tenlperature, bias and gas flow to prepare crystalline filnls
of anatase -Ti02 on 3 different substrates during the sanle deposition
run. By nleasuring the curvature of substrate before and after the
Ti02 film deposition, the residual stresses were calculated. These
results clearly show that the bi-axial stresses are conlpressive type
and decreases with the increase of filnl thickness. Ranlan spectroscopy
nleasurenlents were carried out at roon1 tenlperature with two
different laser excitation wavelengths of 514 and 785 nn1 to deternline
the residual stresses in the films at different depths. The dominant E g

nlode which occurs at r-v 144 cnl- I in single crystal anatase -Ti02 ,
clearly shifts to a higher value by 2 to 10 cm- l depending on the type
of substrate and the thickness of the film. Maximum shift was seen for
the filnls on glass substrate indicating a higher bi-axial conlpressive
stress in agreen1ent with the curvature nleasuren1ent technique. The
excitation wavelength dependent shift of E g n10de clearly shows that
the bi-axial stress increases along the film depth, being larger at the
filnl/substrate interface. The correlation between the bi-axial stresses
of Ti02 thin filnls nleasured using Ranlan Spectroscopy and the
curvature n1easuren1ent technique will be discussed. References: [1] C.
H. Ma, J.-H. Huang, Haydn Chen, Residual stress nleasuren1ent in
textured thin filnl by grazing-incidence X-ray diffraction, Thin Solid
Films 418 (2002) 73. [2] G. Knuyt, A model for the behavior of tensile
and compressive residual stresses developed in thin films produced by
ion beam-assisted deposition techniques, Thin Solid Films 467 (2004)
275. [3] Lamartine Meda, Klaus H. Dahmen, Saleh Hayek, Hamid
Garnlestani; X-ray diffraction residual stress calculation on textured
La2/3Sr'/3Mn03 thin film, Journal of Crystal Growth 263 (2004) 1R5.

012.14
Nano-scale Material by Design. Deborah A. Bleau ' , Eric T.
Eisenbraun1.2 and Stephen B. Smith'; 'Launcher Technology
Division, Benet Laboratories, Watervliet, New York; 2 Albany
NanoTech, Albany, New York.

The Future Force of the Anuy requires products that are slnaller,
lighter, nlore portable, with enhanced nlulti-functionality, increased
reliability, reduced power consunlption, and lower cost. This research
provides the science and technology of enabling atonlically engineered
nanonlaterial for enlerging defense applications. These include higher
rate of fire cannon technology, future conlbat systenls, ann
sensor-on-a-chip systenls for anti-terrorisnl and soldier-in-the-field
renlote sensing and real-tilne control. Current nlethods for providing
thernlal, chenlical and erosion protection involve the use of a barrier
coating applied to a substrate. This results in discontinuous interfaces
between dissin1ilar luaterials, which present an abrupt change in
material properties and cause low stability bonds due to high energy
levels. These higher energy bonds at and near the interface
preferentially fail, initiating progressive failure through the protective
coatings into the substrate, resulting in ultinlate catastrophic failure
of the system. Performance of materials will be enhanced by
atonlically engineering properties with a gradual profile and
elinlinating the discontinuous interfaces. This research den10nstrates
innovative techniques for the atomic layer deposition (ALD) of
atonlically engineered, nlultifunctional SixCyNz nanonlaterials,

384



including the identification of unit and integrated processing concepts
for enhanced performance. ALD protocols will be formulated with the
ability to tightly control and accurately customize the properties and
perfornlance of SixCyNz nanostructural nlaterials. Seed nlethodologies
will be developed that provide the foundation for modeling the atomic
scale growth processes and the structural tailoring required to
synthesize nlaterials with progralnnlable nanostructure, properties
and perforInance. The nlodeling correlates the processing paralneters
with the relative incolning surface flux of Si, C, and N containing
constituents and the resulting topographical characteristics of the
deposited layers. This provides a first-pass establishment of the
efficacy of nlodeling to link the processing paranleters with filnl
characteristics and resulting perfornlance nletrics. The inlpact of
altering the flux of reactive species in a plaslna CVD environnlent on
the resulting surface coverage characteristics was evaluated and fed
back into the process matrix. The results were used to modify the
process to yield coatings with enhanced confornlality and surface
feature irregularity correcting characteristics, which has subsequent
bearing on the corrosion resistance and tribological characteristics of
the work piece. A continuum-based modeling approach was employed
to correlate chenlical and structural characteristics of nanoscale
coatings with the subsequent thernlal and nlechanical perfornlance.

012.15
Influence of Stress on Structural and Dielectric Anomaly of
Bi2(Zn,/3Ta2/3h07 Thin Film. Jun Hong Noh, Hee Bum Hong
and Kug Sun Hong; Materials Science and Engineering, Seoul
National University, Seoul, South Korea.

Structure, stress, and dielectric properties were evaluated for
pyrochlore Bi2(Zn'/3Ta2/3h07 (BZT) thin films, which were
prepared on (111) oriented Pt/Ti02/Si0 2 /Si substrates by
pulsed-laser deposition (PLD) technique. Structural analyses such as
X-ray diffraction (XRD) and high resolution translnission electron
microscope (HR-TEM) indicated that BZT thin film revealed a
predominantly (111) oriented cubic pyrochlore structure in contrast to
bulk, which is l11onoclinic. Electron probe nlicroanalysis (EPMA)
showed that the composition of BZT thin films was consistent with
that of target after deposition. It was found that the compressive
stress played an inlportant role to explain the fornlation of cubic
pyrochlore thin fihn. In cubic thin filnls, the strain field between grain
boundaries was observed by HR-TEM. The position of (444) peak in
XRD progressively increase with increasing filnl thickness, indicating
a relaxation of conlpressive stress in the filIns, which was also
confirnled using a surface profiler based on the Stoney equation. The
conlpressive stress was also reduced due to an appearance of
nlonoclinic phase with decreasing the oxygen partial pressure. It was
found that the cubic BZT thin film has a negative temperature
coefficient of capacitance (TCC) with - 160 ppm/"C, compared with
bulk monoclinic BZT with + 60 ppm/"C. The variances of TCC value
approaching zero with decreasing oxygen partial pressure were
interpreted by the presence of nlonoclinic phase, associated with
decrease of cOlnpressive stress.

012.16
Improvement of Structural Properties of CdTe/Si for
Photonic Applications. Svetlana Neretina1

, N. V. Sochinskii2 and
P. Mascher ' ; 1 Center for Electrophotonic Materials and Devices
(CEMD), Deparbnent of Engineering Physics, McMaster University,
Hanlilton, Ontario, Canada; 21nstituto de Microelectronica de
Madrid-CNM-CSlC, Madrid, Spain.

CdTe heteroepitaxial growth on Si substrate is a key technology for
monolithic integration of HgCdTe/CdTe infrared detector focal plane
arrays (FPA) on Si read-out integrated circuits. It has been shown
that CdTe epitaxial growth on substrates nlade fronl strongly lattice
mismatched materials is possible due to the plasticity of CdTe.
However, the quality of strained films is generally poor. The effects of
rapid thermal annealing (RTA) on CdTe/Si heterostructures have
been studied in order to improve the structural quality of CdTe
epilayers. Samples of CdTe (111) polycrystalline thin films grown by
vapour phase epitaxy (VPF) on Si (100) substrates have been
investigated. The strained structures were rapidly thernlally annealed
at 400°C, 450°C, 500°C, 550°C, and 600°C for 10 seconds. The
nlicrostructural properties of the CdTe filnls were characterized by
carrying out scanning electron nlicroscopy (SEM), X-ray diffraction
(XRD), and atomic force microscopy (AFM). We have shown that the
structural quality of the CdTe epilayers improves drastically with
increasing annealing tenlperature. The optinlunl annealing
tenlperature resulting in the high filnl quality has been found to be
500°C. Additionally, we have shown that the surface nucleation
characterized by the island size distribution can be correlated with
the crystalline quality of the film.

012.17
Stress Evolution during Solid State Reactions on Silicon.
Davy Deduytsche ' , Charlotte Van Bockstael ' , Christophe

Detavernier1, Roland Vanlneirhaeghe l and Christian Lavoie2; ISolid
State Physics, University Ghent, Ghent, Belgiunl; 2 1BM T.J. Watson
Research Center, Yorktown Heights, New York.

The growth stress has been investigated during the solid state reaction
of different metals with a single crystal Si(lOO) substrate using
substrate curvature nleasurenlents. Filnls of various nletals (e.g. Ni,
Co, Ti, Pt) were deposited onto thin Si substrates. After deposition,
the sanlples were annealed at a constant heating rate (3°C/s) in a
honle-built nleasurenlent systenl. In situ wafer curvature and laser
light scattering nleasurenlents were used to continuously characterize
the evolution of stress and roughness of the filnl during the solid state
reaction. The intrinsic stress (or growth stress) produced by the phase
fornlation was investigated and the experinlental stress data was
analyzed using the model of Zhang and d/Heurle [11. Changes in wafer
curvature are attributed to the growth of different silicide phases. The
thernlal stress during cooling was used to evaluate the elastic nl0dulus
and the nlisnlatch in thernlal expansion between filnl and substrate.
[11 S.-L. Zhang, F.M. d/Heurle, Thin solid films, 213 (1992) 34.

012.18
Residual Stress and Microstructure Properties of Cu/Ta
Multilayer Thin Films. Ming-Hsin Cheng ' , T. C. Cheng ' , W. J.

Huang1, C. C. Hsu1, M. N. Chang1 and M. K. Chung2; INational
Nano Device Laboratories, Hsinchu, Taiwan; 2panalytical, Taipei,
Taiwan.

The residual stresses in Cu/Ta multilayer films deposited by DC
nlagnetron sputtering on Si substrate with various annealing
tenlperature were investigated. The residual stresses were deterInined
by X-ray diffraction method with sin21jJtechnique. Consequently, the,
elastic property (Young s modulus) and hardness in the thin films
were perforIned by nanoindenter for residual stress nleasurelnent with
X-ray diffraction nlethod because the nlechanical behaviors of bulk
nlaterials and thin filnls are different. The results indicated that the
tensile stress values in the Cu filnls using thin filnls elastic constant
for residual stress nleasurelnent are higher than those using bulk
nlaterial elastic constant and the tensile stresses in the Cu filIns are
increasing at higher annealing tenlperature. Besides, the
nlicrostructural properties would be characterized by grazing
incidence X-ray diffraction (OIXRD) and X-ray reflectivity (XRR).
The XRR spectra were fitted to determine the thickness, density and
interfacial roughness in Cu/Ta nlultilayer structure. Additionally, the
effects of nlicrostructure properties and residual stress by scanning
electron nlicroscopy (SEM) and cross-sectional transnlission electron
microscopy (TEM) were also observed in this paper.

012.19
Stress and Grain Size Effects on Epitaxial PZT Thin Films.
Oscar Blanc01 and Jesus Heiras2

; 1CIM, Universidad de Guadalajara,
Guadalajara, JaI., Mexico; 2CCMC, Univ. Nacional Autononla de
Mexico, Ensenada, BC, Mexico.

Epitaxial ferroelectric thin filnls of lead zirconiunl-titaniunl oxide,
Pb(ZrO.53Ti0.47)03 (PZT), were successfully grown on SrTi03
(STO), LaAl03 (LAO), and Sr(Nb)Ti03 (SNTO) single crystal
substrates by a nlodified rf sputtering technique at high oxygen
pressures. The structural properties of the films, evaluated by B/2B, w
and ¢ scans, revealed two crystalline orientation relationships: PZT
[001] parallel to [001] of the substrate, and PZT [100] parallel to [100]
of the substrate. Films grown on LAO substrates showed a bi-domain
crystalline structure with the following orientation relationships: PZT
[100] parallel to LAO [001] and PZT [001] parallel to LAO [001]. The
calculated reticular values were: a = 4.01 A and c = 4.10 A, with a
tetragonal defornlation ratio of 0.22. This work was focused on the
calculus of stresses and grain size coefficients and to the analysis of
their contribution on peak broadening in the XRD patterns and their
effects upon the ferroelectric behaviour. By the building of
Williamson-Hall plots allowed us to it was possible concluded that
with the enhancement of the crystalline film properties (better
epitaxy and l110re single crystalline donlains) the short range stresses
contribution on the peak broadening is decreased. In the other hand,
the grain size contribution on the peak broadening was increased with
the enhancement of the film crystallinity. Finally, the hysteresis vs.
field plots showed the influence of local stresses on the ferroelectric
properties, and that the best ferroelectric properties were nleasured in
films with the lowest short range stresses contribution. Authors would
like to thank D. Schlom and V. Vaithyanathan (PennState Univ.) for
their assistance on four-circle XRD analyses. This work was partially
supported by Conacyt proj. 40604-F, DOAPA-UNAM proj. IN116703
and PromeP-UdeO CA-379.

012.20
Contribution of Internal Strain and Ru-deficiency to
Magnetic and Surface Properties of SrRu03 Thin Films.
Young Zo yool, Onlar Chnlaissenl l , Alan Genis2

, Gregg Westberg2
,
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Michael Haji-Sheikh 2
, Stanislaw Kolesnik', Dennis E. Brown',

Bogdan Dabrowski' and Clyde W. Kimball'; 'Physics Department,
Northern Illinois University, Dekalb, Illinois; 2Electrical Engineering
Depart111ent, Northern Illinois University, Dekalb, Illinois.

SrRu03 (SRO), a ferromagnetic metal oxide with high thermal
conductivity, crystallizes in a pseudocubic perovskite structure of the
GaFe03 orthorhombic family. Investigation of strain effects on SRO is
essential for controlling 111agnetic property as well as understanding
their interrelatedness of the residual strain. Heteroepitaxy is usable
for this research because internal strain can be tailored easily by the
change of SOllIe growth paralneters such as working pressure during
growth and lattice mismatch between the film and substrate. SrRu03
thin films were grown on SrTi03 (100) substrates using the pulsed
laser deposition method. In order to exploit the correlation between
their properties and strains, the change of internal strain was induced
by a wide range of oxygen partial pressures frolll 0.1 to 300 111Torr
during growth. SRO filnls grown in up to 10 111Torr showed substantial
strains exceeding 1% whereas strain becan18 less significant at
pressures above 10 11110rr. The island growth was d0111inant for the
highly strained films grown at pressures at or below 10 mTorr,
followed by step flow growth mode at 60 mTorr, then reverting back
into island growth at 300 n1'1'orr. No ferroluagnetic properties was
observed for any of the highly strained SRO films, but SRO films
exhibiting the step flow growth n10de showed high curie ten1peratures.
The correlation between oxygen pressure and filn1 properties is
discussed in tern1S of strain and con1positional effects.

012.21
Failure Analysis of Thermally Shocked NiCr Films on
Mn-Ni-Co Spinel Oxide Substrates. Min-Seok Jeon, Jun-Kwang
Song, Yong-Nanl Kin1, Hyun-Gyu Shin and Hee-Soo Lee; Korea
Testing Laboratory, Seoul, South Korea.

There has been increasing concerns in thernlal shocked failures of
coatings for sensor applications in recent years. In addressing ceran1ic
sensor reliability, the understanding of the failure nlechanisnls is
required. Sensor coatings such as NiCr/Mn-Ni-Co-O eleluent
experience change of tenlperature when they are used for non-contact
tenlperature sensor applied to autonlotive, laser printer or honle
appliances. It was known that this tenlperature change induced an
error of sensor during its long teflu operation. In addition,
tenlperature cycling was found to be one of the nlain factors that
create defects in thin coatings due to the large thern1al n1isn1atches
an10ng coating layers. Therefore the aSSeSSluent of the durability and
characteristics of the layered sensing elen1ent are needed by an
ADT( accelerated degradation testing) with a thermal cyclic method.
Theflual shock was given to NiCr/Mn-Ni-Co-O san1ples and their
characteristics were conlpared before and after the accelerated
degradation testing. This work is focused to analyze failure
mechanisms of NiCr/Mn-Ni-Co bi-layer by thermal cycling. The
accelerated degradation testing was performed to NiCr/Mn-Ni-Co-O
bi-layer in three temperature range of .6.T=150, 175 and 200 ° C. The
NiCr coatings were considered to have failed when the sheet resistance
was changed by 30%. As the cyclic repetition of thermal shock
increased, the sheet resistance of NiCr coatings increased. The nun1ber
of cycles in failure was represented well by a Weibull distribution. The
distribution was found to be relatively well behaved with similar shape
factor, which suggested that the failure n1echanisn1 was the salue for
the three conditions. The Coffin-Manson equation was applied to the
failure n1echanisn1 of NiCr coatings. The Coffin-Manson coefficient
was turned out to be 3.97, which was consistent with a brittle fracture
of hard alloys or intern1etallics. Failure n1echanisn1 of NiCr filnls was
verified by analyzing the failure sites after thermal cycling by
scanning electron nlicroscopy and X-ray photoelectron spectroscopy.

012.22
Influence of Energetic Particles on the Microstructure and
Stress State of Sputtered Thin Films. Aurelien Debelle, Anny
Michel, Gregory Abadias and Christiane Jaouen; Laboratoire de
Metallurgie Physique, Futuroscope-Chasseneuil Cedex, France.

The control of the n1icrostructure and stress state of thin filIus are an
increasingly iInportant technological issue fronl a reliability and
perfornlance point of view. However, they are process sensitive, and
therefore tightly dependent on the deposition conditions, such as
pressure, tenlperature or geon1etry. Another iluportant factor to
consider is the energetic particles involved in the sputtering process,
nanlely the sputtered atonlS and backscattered neutrals. The energy
and flux of those particles are linked to the target/sputtering gas
nlass ratio Mt/Mg. Many studies, where this ratio was varied, focused
on the respective role of each kind of particles, but until now this is
still subject to controversy. The aim of the present study is to
separate the influence of the sputtered and backscattered atonlS on
filIu luicrostructure and stress state. Under this perspective, Mo thin
films grown on neutral (001) Si02/Si substrates are elaborated by ion
bean1 sputtering using two different gases, Argon and Xenon. Indeed,

in the case of Xenon, the ratio Mt/Mg is such that the quantity of
backscattered neutral aton1S is negligible. In addition, the epitaxial
growth of Mo thin films on (11-20) single-crystal sapphire substrates
is investigated. The differences in n1icrostructure (n10saic spread,
coherency length, roughness) and stress level in the films grown on Si
are investigated by combining X-ray diffraction (XRD) am] Atomic
Force Microscopy (AFM). The evolution during thermal annealing is
also studied. Results show that, as expected, the microstructure and
the stress state of the filnls depend on the sputtering gas. During
conlplenlentary studies, no significant influence of the thickness, the
energy of the sputtering ion bean1 and the deposition rate was found.
Thus, it seenlS that the fundan1ental paralueter to consider is the
total energy deposited on the condensing film, delivered by both
particles seamlessly. However, the adhesion of the film on the Si
substrate is clearly affected by the trapped gas, as observed during
theflual annealing. Concerning the filIus grown on oriented substrates,
an epitaxial growth develops at roon1 teluperature but differences
exist between films elaborated using Ar or Xe.

012.23
Cr Films Sputter-Deposited from a Line-Source onto Tilted
Substrates. S. Yu. Grachev', J.-D. Kamminga' and G. C. A. M.

Janssen2
; "Netherlands Institute for Metals Research, Delft,

Netherlands; 2Departn1ent of Materials Science and Engineering, Delft
University of Technology, Delft, Netherlands.

Metal thin filn1s are used in a wide range of applications as protective
coatings, conductive layers and for decorative purposes.
Sputter-deposition is an effective n1ethod to produce nletal coatings
on industrial scale. The luicrostructure of a coating is dependent on
n1any paranleters and fundan1ental processes occurring during and
after deposition. One of such paran1eters is angular and energy
distribution of the flux, which defines effects of shadowing,
re-sputtering and n1ay influence surface diffusion. We report on the
microstructure of Cr films produced by sputter-deposition from an
elongated target onto substrates tilted around the axis parallel to the
target elongation. The flux of the deposited atonlS in such a geonletry
is highly anisotropic, especially at low AI' pressures, due to the target
elongation. Also, the tilt of the substrate introduces anisotropy. Cr
films were deposited onto 45° tilted substrates at Ar pressures of
1.5x10- 3 and 6.3x10- 3 mbar, at temperature 50-100°C. At lower Ar
pressure colunlns grew straight under tilt angle of 43° with respect to
the substrate norn1al, which is close to the average angle of the
arriving flux. This is in contradiction with the "tangent rule", which
predicts a tilt of ~26°. At higher pressure the tilt of the columnar
nlicrostructure was less, only 28° , which can be explained by the
wider, less directional flux fronl the target. The "tangent rule" is an
enlpirical law for the inclination of a colunlnar structure produced by
a point source. The observed deviation fronl the tangent rule is
attributed to the elongation of the target and the associated it spread
of the flux angular distribution in the plane of elongation. The flux
itself was mapped with the use of a diaphragm and reflected the
elongated geometry of the target.

012.24
The Effect of Porogen on Physical Properties in
MTMS-BTMSE Spin-on Organosilicates. Byung Ro Kim,
Jeong-Man Son, Jungwon Kang, Kiyoul Lee, Gwigwon Kang and
Minjin Ko; LG Chenl, Daejeon, South Korea.

Decreasing the circuit diluensions is driving the need for low-k
materials with a lower dielectric constant to reduce RC delay,
crosstalk, and power consunlption. In case of spin-on organosilicate
low-k filnls, the incorporation of a porogen is regarded as the only
foreseeable route to decrease dielectric constant of 2.2 or below by
changing a packing density. In this study, MTMS-BTMSE copolymers
that had superior mechanical properties than MSSQ were blended
with anlphiphilic block copolynlers used as sacrificial pore generators.
While adding up to 40 wt % porogen into MTMS:BTMSE=100:50
nlatrix, optical, electrical, and n1echanical properties were n1easured
and the pore structure was also characterized by PALS. The result
confirmed that there existed a tradeoff in attaining the low dielectric
constant and desirable nlechanical strength, and no nlore pores than
necessary to achieve the dielectric objective should be incorporated.
When the dielectric constant was fixed to approximately 2.3 by
controlling BTMSE and porogen contents sinnIltaneously, the
thefluo-nlechanical properties of the porous filIus were also
investigated for the cOluparison purpose. Under the san1e dielectric
constant, the increase in BTMSE and porogen contents led to
in1proveluent in nlodulus n1easured by nanoindentation but
deterioration of adhesion strength obtained by the modified edge
lift-off test.

SESSION 013: Characterizing and Understanding Thin
Film Growth Stresses
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8:30 AM *013.1
The Effects of Atomic and Nano-Scale Processes on Growth
Stresses in Thin Films. Carl V. Thompson', Cody A. Friesen1.2,

Reiner Moening1 and Jeffery Leib 1
; IMaterials Science and

Engineering, MIT, Call1bridge, Massachusetts; 2 Arizona State
University, Telnpe, Arizona.

Detailed studies of stress evolution during growth and during
interruptions of growth of polycrystalline and single crystal ell and
Ag fil1118 will be reviewed. Reversible stress changes occur durin a

interruption of all stages of Voln18r-Weber growth of polycrystalline
£11118, including the pre-coalescence stage. Reversible stress changes
are also observed during interruption of h0l11oepitaxial growth and
have been related to changes in the atolllic and nano-scale surface
~tructure.of the filnl. While stress changes during growth
InterruptIons are reversible, the subsequent evolution of stress during
further filnl growth can be affected by the growth interruption. This is
especially the case in the pre-coalescence stage of Volnler-Weber
?rowth, probably due to island coarsening during growth
~nterruptions. Studies of stress evolution during and after growth
Interruptions are shown to provide insight into the atonlistic and
nano-scale nlechanisnls affecting residual growth stresses.

9:00 AM 013.2
Stress Evolution During Eleetrodeposition of Ni Thin Films.
Sean J. Hearne and Jerrold A. Floro; Sandia National Labs.,
Albuquerque, New Mexico.

The evolution of stress during electrodeposition of Ni films on gold
substrates has been investigated as a function of bath chenlistry and
deposition conditions to exanline the nlicrostructural origins of
intrinsic stress from an additive free sulfamate bath. Three likely
sources for the rate dependent conlpressive stress investigated were:
interstitial hydrogen / inlpurity incorporation, capillarity stress, and a
chenlical potential gradient driven atonl incorporation nlodel. Our
study definitively proves that the historically important hydrogen
ll1cOrporatIOn model was not the source of the observed
rate-dependent conlpressive stress. Additionally, we deternlined that
only the chenlical potential gradient driven atonl incorporation nlodel
could not be discounted as the source of the compressive stress. This
work was supported by the DOE office of Basic Energy Science.
Sandia is a nlultiprogranl laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of
Energy's National Nuclear Security Adnlinistration under contract
DE-AC04-94AL85000.

9:15 AM 013.3
"In situ" Nanocomposite Formation in Low-energy Nitrogen
Ion Implanted Vanadium-Titanium Alloys. The Role of
Sample Temperature on the Microstructure and Tribological
Properties. Carmen Ballesteros" M. 1. Ortiz2, J. A. Garcia3

, M.
Varela1

, J. P. Riviere4 and R. Rodriguez3; lFisica, U. Carlos III de
Madrid, Leganes, Madrid, Spain; 2Tecnologia Electronica, ETSIT- U.
Politecnica de Madrid, Madrid, Spain; 3Centro de Ingenieria
Avanzada de Superficies, A.I.N., Cordovilla, Paluplona, Navarra,
Spain; 4Laboratoire de Metallugie Physique, U.Poitiers U.M.R. 6630
CNRS, Futurscope-Chasseneuil, France.

Vanadiunl-based alloys are pronlising candidates as structural
materials for fusion power devices. The addition of Ti solute results in
the illlproveillent of the nlechanical properties, increasing their creep
resistance and suppressing irradiation swelling. However these alloys
show a poor tribological perfornlance(1,2). Active research on
low-energy high-fluence ion illlplantation into nletallic targets have
been de.veloped in the last years to inlprove their tribological
properties. Low-energy high-tenlperature nitrogen ion inlplantation is
an internlediate treatnlent between ion inlplantation and plasnla
nit riding, where the ballistic and diffusion processes are conlbined. A
d~tailed structural and tribological characterization of low-energy,
nItrogen inlplanted V5at. %Ti alloy is presented. Sanlples were
nitrogen-implanted at 1.2 kV and 1 mA/cm2, up to a dose of 1E19
ions/cm2, at temperatures between 400-575 °c. Alloys were analysed
by transnlission electron nlicroscopy, energy-dispersive x-ray
spectroscopy, x-ray diffraction and grazing x-ray diffraction.
Depending on the inlplantation tenlperature, the ion beanl treatnlent
dranlatically changes the nlicrostructure of the nlaterial. Partial
anlorphization, nitride precipitation and dislocations are inlaaed.
Tribological properties: nlicrohardness, friction and wear hav: been
inlproved after low energy N inlplantation at tenlperatures above
400°C. The nleasurenlents indicate that this inlprovenlent increase as
the inlplantation tenlperature increases. A clear correlation between
the nlicrostructure of the inlplanted layer and the inlprovenlent in the
tribological and nlechanical properties has been denlonstrated. TiN

precipitation appears to be responsible for the improvement of the
tribological properties. For implantation at 575°C a nanocomposite
layer is formed at the sample surface where the reinforcement
particles are TiN precipitates. Further studies are needed to
investigate the effect of the inlplantation tenlperature on the
nlicrostructure and tribological properties of other nletallic alloys.
The results indicate that an accurate selection of the inlplantation
tenlperature deternlines the tribological perfornlance of the V alloys
and the thickness of the layer affected by the implantation. The
inlplantation tenlperature selects the nlain process activated by the
impl~ntation, b~llistic or diffusive. References 1. M. Varela, J .A.
Garcia, R.Rodrigu~z and C. B.allesteros. Nanotech. 2003. 3, 207
(2003) 2. J.A.Garcia, R. Rodriguez, R. Sanchez, R. Martinez, J.P.
Riviere, P. Meheust, M. Varela, D. Caceres, A. Munoz, I. Vergara, C.
Ballesteros. Vacuum 67, 543 (2002). Acknowledoments Authors would
like to thank the support received from CICYT\hrough the project
MAT-99-1012. TEM work has been made at LABMET, associated to
the Red de Laboratorios de la CAM.

9:30 AM 013.4
Chemical and Mechanical Stability of Driven Interfacial
Alloys under Ion Irradiation of MolNi Multilayers.
Gregory Abadias 1

, Christiane Jaouen 1
, Franck Martin 1

, Jeronle

Pacaud 1
, Philippe Djenlia3 and Francois Ganot 2

.3 ; 1 Laboratoire de
Metallurgie Physique, UMR 6630, Universite de Poitiers,
Futuroscope-Chasseneuil, France; 2Laboratoire des Milieux
Desordonnes et Heterogenes, Universite Pierre et Marie Curie Paris
France; 3LPMTM, Universite Paris-Nord, Paris, France. ' ,

The presence in sonle nletallic superlattices of elastic" anoillalies"
(hardening or softening of elastic nlodulus as conlpared to that of the
bulk counterpart) has been the subject of a much interest. If the role
of the interfaces has long been recognized, the underlying physical
origin (dilatation or coherency strains, structural disorder, electronic
transfer ... ) renlained subject to controversy. Recently, we have shown
that the fornlation of nletastable and supersaturated interfacial solid
solutions, structurally and nlechanically unstable, was responsible for
the huge shear elastic softening (-62%) observed in Mo/Ni
superlattices with decreasing bilayer period [1]. The present study
provides experinlental data on phase transfornlation in "driven ll

alloys, by addressing the issue of the stability of alloyed interfaces in
Ni/Mo superlattices under ion irradiation. Ni/Mo nlultilayers with
period (A)ranging frolu 0.8 to 87 nnl were grown by ion beanl
sputtering. Ion irradiation was perfornled at roonl tenlperature with
380 keV Ar ions in a large range of fluences to study the influence of
stress relaxation and ion-driven interdiffusion on the evolution of the
shear elastic nlodulus. By conlbining X-ray Diffraction and Brillouin
light scattering experiIuents, we obtained a cOluplete structural and
elastic response of the systenl to ion irradiation. At a very low
irradiation dose (0.1 dpa), the relief of the lattice expansion and
associated intrinsic conlpressive stresses occurs with no chanae in the
shear elastic luodulus. At higher ion fluences, ion-induced llli:ing is
clearly evidenced from the evolution of the XRD profiles, but an
asynlnletrical behavior is observed between Mo and Ni sublayers. A
strengthening or softening of the shear nlodulus is observed depending
on the period 1\. Thus, irradiation reveals the complex interplay
between lllixing and elastic properties. Eventually, the lllixing process
destabilizes the interfaces and leads to the fonuation of a
honlogeneous Mo-Ni solid solution. 1. G. Abadias, C. Jaouen, F.
Martin, J. Pacaud, Ph. Djemia, F. Ganot Phys. Rev. B 65, 212105
(2002)

9:45 AM 013.5
Nonlinear Transient Finite Element Analysis of the
Relaxation Mechanisms in Strained Silicon Grown on SiGe
Virtual Substrate. Faouzia Sahtout Karoui, A. Karoui and G. A.
Rozgonyi; Materials Science and Engineering, North Carolina State
University, Raleigh, North Carolina.

To prevent the degradation of electronic properties of strained Si on
Si(1-x)Ge(x) virtual substrate, it is necessary to precisely control the
stresses during the growth. The stress is originated by the lattice
nlisnlatch, differences in thernlal-expansion coefficients and
incorporated point defects. Si and Ge have a lattice nlisnlatch of
rv4%, which causes plastic flow and a high density of lllisfit and
threading dislocations. It is almost impossible to experimentally
quantify the plastic strain accunlulating in the structure during the
growth process. In this case, residual stresses are often calculated
fronl the nleasured strain, assuilling a linear elastic distortion of the
crystal lattice. The manufacturing of Si strained/Si(l-x)Ge(x)
heterostructure requires a luulti-step process. Each of these steps can
induce plastic deformation and/or elastic stress relief. Therefore, we
investigated in this study, the elastic and plastic strain evolution
during deposition using a nonlinear transient finite elenlent analysis.
The tinle and tenlperature dependent plastic and elastic defonllations
were considered to account for the relaxation luechanisnls. The strain
and stress were tackled dynaillically at each step level using birth and
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death of elements. This allowed us to take into account at a given
step, the stress history accumulated in the structure during previous
steps. We obtained the distribution of the residual stresses and strains
throughout the structure for x= 0.2 and x = 0.4, as well as the elastic
and plastic contribution to the total misfit strain. Structural
paran1eters were deduced, such as the lattice paran1eter of the
strained Si layer, the degree of relaxation of the SiCe graded layer,
the time dependent plasticity evolution during growth as well as the
misfit and threading dislocation density. We found that the elastic
component of the strain is higher in the strained Si layer, about 0.72%
for 20% Ce and 1.2% for 40% Ce, in good agreement with
experin1ents. Relaxation occurs fro111 the 111iddle of the SiGe constant
layer up to bulk Si. The contribution to total strain is largely plastic
in the graded SiCe layer, Si buffer and Si bulk, while it is mainly
elastic in the strained Si layer and part of SiGe constant layer. Plast.ic
deformation is also observed in strained Si and SiGe constant layer.
The calculat.ed lattice paramet.er for t.he st.rained Si layer is about. of
5.50 A for x = 0.20 and 5.52 A for x = 0.40. The average relaxat.ion
factor in the SiGe graded layer is about 90%. Calculated Threading
Dislocation (TD) density in the strained Si layer is about 5.8xl05
c111-2 for x = 0.20 and 2.1xl06 cln-2 for x= 0.40 in agreeillent with
TD density measured by EBIC. The transient analysis shows that
plastic flow occurs sturdily during SiGe graded layer deposition and
Si(1-x)Ce(x) const.ant. layer re-growt.h. No yielding occurs st.rained Si
layer deposit.ion and during t.he first. growt.h of t.he Si(l-x)Ce(x)
constant layer (before chemical mechanical polishing).

SESSION 014: Thin Film Processing
Chair: Eric Stach

Friday Morning, April 1, 2005
Room 2022 (Moscone West.)

10:30 AM 014.1
Hafnium Diboride Nanostructured Hard Coatings from
Chemical Vapor Deposition of the Single Source Precursor
Hf[BH4 ]4' Sreenivas J ayaraman1.3, Yu Yang1.3, Abhishek

Chatterjee1.3, Pascal Bellon1.3, Do Young Kin1 2 . 3 , Gregory S.
Girolan1i2.3 and John R. Abelson1.3; IDepartn1ent of Materials
Science and Engineering, University of Illinois, Urbana, Illinois;
2Chen1istry, University of Illinois, Urbana, Illinois; 3Fredrick Seitz
Materials Research Laboratory, University of Illinois, Urbana, Illinois.

Hafnium diboride is a refract.ory mat.erial wit.h a melting point. of 3250
eC, and belongs to the class of transition n1etal diborides known for
their high electrical and thennal conductivity and their good corrosion
resistance. These properties and a bulk hardness of 29 G Pa n1ake
HfB 2 an ideal candidat.e for hard coat.ings. We invest.igat.e HfB 2 t.hin
filn1s deposited by chelnical vapor deposition using the single-source
precursor Hf[BH4]4. The process yields excellent conformal coverage:
on a trench 0.27 fJn1 wide and 1.25 fJn1 deep, the inner coating
thickness is everywhere> 50 % of the thickness on the top surface. A
n1inin1un1 deposition telnperature of 200 eC allows this n1aterial to be
deposited onto plastic substrat.es. Films deposited below 500°C are
X-ray an10rphous and yield a very respectable nanoindentation
hardness of ~ 20 CPa and an elastic modulus of ~ 300 CPa. The
filn1s crystallize at an appreciable rate upon annealing at 900 eC. A
short duration anneal produces a fine nanocrystalline n1icrostructure
that improves the hardness to ~ 30 CPa. Films deposited at
ten1peratures greater than 600 0 C are crystalline and highly textured,
with charact.eristic microstructures that are largely independent of the
substrate. We will also report our efforts to develop a nanocon1posite
n1aterial: we add aton1ic nitrogen fron1 a ren10te plasn1a source to
obt.ain t.ernary Hf-B-N t.hin films. The addit.ion of nit.rogen t.o t.he
growt.h flux may nucleat.e addit.ional phases like BN t.hat. force t.he film
to be nanocrystalline. However, the addition of nitrogen slows down
the rate at which alnorphous fihns crystallize upon post annealing.

10:45 AM 014.2
Analysis of Residual Stress in CVD Diamond Films Coated
on WC-Co and High Speed Steel Cutting Tool Substrates.
Zhenqing X U 1.

2 , Ashok Kun1ar1.2, Leonid Lev3 and Michael

Lukitsch3; 1 Mechanical Engineering, University of South Florida,
Tan1pa, Florida; 2Nanon1aterials and Nanolnanufacturing Research
Center, University of South Florida, Tan1pa, Florida; 3General Motors
Corporation, Warren, Michigan.

The obstacle that lin1its the con1n1ercialization of the dian10nd coated
cutting tools is associated with the poor adhesion strength of dian10nd
films on the cutting tool substrates like WC-Co and high speed steel
due t.o high residual st.ress inherent. in t.he film as a result. of t.he CVD
process. In our study, we investigated the residual stress in dian10nd
filn1s grown on these substrates as a function of filn1 thickness. The
n1icrocrystalline dian10nd filn1s were synthesized fron1 hydrogen
(98.5% vol) and n1ethane (1.5% vol) gas n1ixture in a low ten1perature
of 650°C by chemical vapor deposit.ion (CVD) process. We also
deposit.ed t.he nanocryst.alline diamond films (NCD) on t.he cut.t.ing

tool substrates to investigate the residual stress change due to the
n10rphology change fron1 Inicrolneter to nanon1eter size. The filn1
thickness, obtained by WYKO optical profilometer and cross section
scanning electron n1icrographs, varied fron1 2 to 30 f-Ln1 as the growth
time changed. The residual stress was determined by three different
methods, peak shift measured by X-Ray Diffractometer and Raman
spectroscopy, and the curvature n1ethod using Stoney/s equation. The
discrepancies in the Ineasured stress data an10ng the three n1ethods
are probably caused by the inaccuracies of the elastic moduli used in
the calculation equation or the Ran1an and XRD peak shift due to
son1e factors other than the elastic distortion. The adhesion strength
of diamond films to the substrates was then evaluated by Rockwell
indentation test to investigate the relationship between residual stress
and adhesion strength.

11:00 AM 014.3
Passive Layer Formation at Ferroelectric PbTi03/Pt
Interfaces Studied by EELS. Lianfen o Fu', Sascha Welz', Rolf

Erni 1
, Masaki Kurasawa3

, Paul C. McIntyre3 and Nigel D.
Browning1.2; lChelnical Engineering and Materials Science,
University of California at Davis, Davis, California; 2National Center
for Electron Microscopy, MS 72-150, Lawrence Berkeley National
Laboratory, Berkeley, California; 3Materials Science and Engineering,
Stanford University, Stanford, California.

Nun1erous explanations for fatigue and in1print degradation of
ferroelectric perovskites have been proposed; however the n1echanisn1s
are still the subject of controversy. Recently, significant attention has
focused on t.he possibility that non-ferroelectric ("passive") layers
which separate the ferroelectric crystal fron1 the screening charge on
its electrodes n1ay be responsible for such effects. Using electron
energy loss spect.roscopy (EELS), Z-contrast. imaging and energy
filtered transmission electron spectroscopy (EFTEM) we ident.ified an
interface reaction responsible for fonnation of such passive layers at
the Pt/PbTi03 interface. The experiments have been performed on a
200kV Schottky field-emission gun FEI Tecnai F20 equipped with a
high resolution EEL spectron1eter and n10nochron1ator systen1. The
ferroelectric films under study consist of a lead titanate (PbTi03)
layer grown epitaxially by n1etalorganic chen1ical vapor deposition on
a (OOl)-orient.ed st.ront.ium t.it.anat.e (SrTi03) single cryst.al. A Pt.
electrode layer was deposited on the PbTi03 as a top contact. Just
prior t.o Pt. deposit.ion, the PbTi03 surface was cleaned by dilut.e
aqueous HN03 etching, a procedure that has been found to produce a
stoichion1etric fihn surface by photoelectron spectroscopy. Z-contrast
imaging of t.he epit.axially grown, defect. free SrTi03/PbTi03 int.erface
has been performed. Subsequently, the PbTi03 appears t.o be
decon1posed at the Pt interface and an intern1ediate fihn containing
nano-scale precipitates can be identified. This region consists of
an10rphous Ti02 and the crystalline precipitates which are identified
using EELS as an intermetallic Pt/Pb phase. EELS across the
interfaces confirn1s the structural changes. The Ti L2,3 edges of
PbTi03 and t.he int.ermediat.e layer differ indicat.ing t.hat.
decomposit.ion of PbTi03 has t.aken place. The int.ensit.y of t.he oxygen
K-edge features suggests that the intennediate layer is oxygen
deficient relative to the PbTi03 film. The t.hickness ami electronic
structure of this near-interface reaction layer are correlated with
changes in ferroelectric behavior as n1easured in switching current
studies after fatigue and ilnprint treatlnents.

11:15 AM 014.4
Growth Stress and Alloying Effect in Superlattices: A
Comparison between Sputtering and Thermal Evaporation.
Aurelien Debelle, Gregory Abadias, Anny Michel and Christiane
Jaouen; Laboratoire de Metallurgie Physique, Futuroscope­
Chasseneuil Cedex, France.

The physical properties of n1any n1aterials when deposited as thin
films are different from the bulk ones. In the case of multilayers, the
properties of the alternating elelnents can be con1bined to obtain
n1aterials with very different characteristics. Large anon1alies in the
elast.ic propert.ies (deviat.ions from t.he cont.inuum elast.icit.y) were
report.ed for some bee/fcc mult.ilayer syst.ems such as Cu/Nb or
Mo/Ni. The latter exhibits a drastic softening of the C44 shear elastic
n10dulus attributed to the chen1ical alloying (n1ainly Ni in Mo)
observed at the interfaces, although the bulk phase-diagran1s exhibits
aln10st zero solubility. Thus, the driving force for the forn1ation and
the stabilization of this n1etastable alloy ren1ains to be established.
This requires an accurate characterization of the strain/stress state of
the filn1s in order to separate chen1ical fron1 growth stress effects. To
address t.his issue, epit.axial Ni(lll) /Mo(110) multilayers were grown
on (11-20) single-cryst.al sapphire substrat.es by t.wo met.hods, namely
ion bean1 sputtering and thern1al evaporation. The first technique is
known to produce filn1s having high con1pressive growth stress due to
the highly energetic particles involved in the process, while the latter
usually involves low tensile growth stress. In addition, in the present
case, the epitaxial relationship generates biaxial stresses, generally
referred to as coherency stress, existing in both deposition n1ethods.
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The complete strain/stress state of these multilayers was determined
by X-ray diffraction using the so-called 6sin2,p-method~adapted to
epitaxial thin filnls, using the ideal directions lllethod. Ion irradiation
induced stress relaxation provides additional data of the stress
response of the films[11, as the stress level is modified in a controlled
manner. The obtained results show that a triaxial state of stress is
required to fully describe the stress state of the Mo sublayers.
Differences in the stress states of sputtered and thernlal evaporated
layers are discussed in ternlS of deposited energy. Moreover I the
presented model provides the true stress-free lattice parameter, solely
linked to chelllical effects. Interfacial lnixing during growth is
observed in both cases, which proves that the origin of the interfacial
alloying cannot be purely ballistic. [1]: A. Debelle, A. Michel, G.
Abadias, C. Jaouen, Appl. Phys. Lett. 84, 24 5034-5036 (2004)

11:30 AM 014.5
Kinematics Analysis and Correlation with Residual Stress of
the Ni/Si System on Thin Film in MOS Technology.
Florian Cacho1.2, Delphine Ailne1, Francois Wacquant1, Georges
Cailletaud2 and Herve Jaouen"; "Mechanical Modeling,
STMicroelectronics, Crolles, France; 2Mechanical Modeling, Centre
des Materiaux, Evry, France.

The low resistive NiSi phase is very promising for the reduction of the
resistance gate and active zone for advanced cnlOS technologies.
Moreover the control of the stress level in silicon devices is an
inlportant issue for transistor perfornlance inlprovenlent. In this paper
we present for the first tinle a nlodel enable to extract kinetics
paranleters of the fornlation of nickel silicide and the residual stress
level. The nickel silicide formation sequence used in this study is a
three steps process: -Deposition of Ni and TiN film, followed by a
Rapid Thermal Anneal (RTA) for the formation of Ni2Si. -Selective
et.ch ren10ve excess nickel which has not. been COnSllnlen ann TiN.
-Second RTA below 4fiOC. The samples investigated are silicide films
grown on blanket wafers, on SOl and on polysilicon filnls deposited on
a thin oxide layer for different RTA temperatures. From the
n1easurenlent of the sheet resistance, the kinetics paralneters are
extracted. Curvature nleasurenlent of wafers at each process step gives
the total force in the film. The stress is then deduced thanks to the
thickness evaluated formely. A FEM model of phase growth based on
the weak coupling problem let us to simulate the stress field in the
thin film for each time steps The formation of the Nickel silicide in
thin film is sequential: The first phase Ni2Si is formed until there is
no Nickel source, then the NiSi phase grows by Nickel diffusion at the
two interfaces Ni2Si/NiSi and NiSi/Si. Concerning curvature
nleasurenlent, smne recent in situ characterization studies during
silicidation bring infornlation on the fornlation nlechanisnls and
nlaterial properties in the quasi steady state reginle. Classically the
fornlation is decolnposed in several characteristic trends: During the
fornlation of Ni2Si the force is highly conlpressive, then during the
growth of NiSi the total force is relaxed, and finally after the cooling
down to roonl tenlperature the residual force is tensile. The originality
of this study on that aspect is that we present residual force after
selective etch and after the second RTA where mechanical force is
partially quenched: -After selective etch, at room temperature, the
n10re the Ni2Si thickness is ilnportant, the nlore the residual force is
tensile (contrary to the steady state). Then, the formation of the NiSi
phase decreases this tensile force. Impact of TiN layer during RTA1 is
also discussed. -After a second RTA, the same for all wafers, the
residual force is the saIne for all wafers whatever the nlechanical
history is. We present then a model able to simulate the impact of the
annealings and the cooling steps on the silicide kinetics fonnation and
the stress level within the layers. For the mechanical behavior of the
whole systenl, we introduce a viscoplasticity nlode1. Several
characteristic are reviewed: Fast silicidation fornlation with fast
cooling (RTA), slow silicidation formation with slow cooling
(Conduction annealing) and mix program.

11:45 AM 014.6
Thermal Stress Relaxation of Plasma Enhanced Chemical
Vapour Deposition Silicon Nitride. Pierre Morin, Enlnlanuel
Martinez, Francois Wacquant and Jorge Regolini; ST

Microelectronics, Crolles, France.

Silicon nitride is extensively used in VLSI, as hard mask, sidewall
spacers or contact etch stop layers. Since the 90nnl node, it has also
been used as "stressor" to improve the transistor performances by
generating strain in the Si-channe1. Tensile Contact Etch Stop layers
and Stress gate Melnory Techniques are the nlost conlnlon "process
induced stress" solutions already published [11. Among the different
nitride process, Plaslna Enhanced Chenlical Vapour Deposition
processes provide low temperature layers that fulfil the Front End Of
Line CMOS requirenlents. Moreover, between the process paranleters,
plasnla power allows to tune the stress, fronl highly conlpressive
values to highly tensile values. However, these layers can drastically
evolve during the subsequent integration thermal budgets and change
the final device perfornlance. In our study, we ainl to characterize the

nitride sensitivity to thernlal treatnlents. To this purpose, we have
deposited four PECVD nitride films on silicon wafers with different
kind of reactors. We evaluated the initial nlechanical stress, layer
thickness and hydrogen content by respectivelly curvature
nleasurenlents, ellipsonletry and Fourier Transfornl InfraRed
spectrometry. These nitrides presented as-deposited stress values
ranging fronl conlpressive to tensile. They were sublnitted to either
high temperature Rapid Thermal Anneal (RTA) at 1100°C or longer
thennal treatnlents at nlediunl telnperature, fronl 700 0 C to 850 0 C.
We nleasure the evolution of their properties along the different
anneals and conlpare their behaviour to high tenlperature thernlal
nitride. We observed that these somewhat stoechiometric nitrides
shifted to more tensile stress around 1100-1200 Mpa when submitted
to the RTA, independently of their initial stress values. Tn t.he same
time, the layers can shrink from zero to 10%. At. 700°C 850°C, the
evolution was slower, but followed the same trend. Assuming
viscoelastic behaviours [2], the kinetic of the stress evolution at these
nlediunl tenlperatures is nlodelled with Maxwell elenlents. We observe
different features at short and long ternlS that nlean that two
exponential cmnponents are needed to obtain relevant fit. This dual
model at medium temperature is consistent with that obtained with
the RTA. At the end, we calculated the thermal activation energies
and the correspondent viscosities that were conlpared to data fronl
literature. As a conclusion, we have obtained a simple model of the
thermal stress evolution in nitride that will be used to predict the
stress shift in practical CMOS applications and within process
sinlulation. [1] Chien-Hao Chen & a1., proceeding of VLSI conference
(2004). [2] Peter .T.L. Smeys & a!., J. AppI. Phys. 78 (4), 2837 (1995).
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