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ABSTRACT

RESIDUAL STRESS ANALYSIS OF
SPUTTERED TANTALUM SILICIDE THIN FILM

by
Young Joo Song

The influence of different argon pressures on the residual stress,
microstructure, and resisitivity of sputtered tantalum silicide thin films has been
investigated. TaSiz films were deposited onto Si wafers by dc magnetron sputtering.
The deposition temperature was assumed to be 300°C. The thickness was about
0.5um. The residual stresses in the films deposited at different argon pressures
were determined by curvature measurement method. The compressive intrinsic
stress of 1033.4MPa was measured at Par = 0.5 mTorr. The infrinsic stress in the
films seemed to change from compression to tension as Par Increased above
8mTorr. A maximum tensile intrinsic stress of 221MPa was obtained at 10 mTorr
and the tensile intrinsic stress decreased at the higher argon pressure. SEM showed
an accompanying microstructural change from a dense structure at the low
pressures to an open growth structure with some gaps between grains at the highest
pressure. The electrical resistivity exhibited a spuftering-pressure dependence and

seemed to be closely related to the microstructure of films.
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CHAPTER 1
INTRODUCTION

Micromechanical sensors are devices which measure physical quantities such as
force, pressure, and acceleration through the deformation and/or resulting stresses
in suitably designed microstructures. Most silicon based sensors are fabricated from
silicon substrates using thin film deposition, patterning, and selective etching of
films. However, since these films are often subjected to large mechanical stresses
resulting from the specific deposition conditions, temperature changes during
processing and in service, and from the presence of passivation coating, there has
now developed a strong appreciation that an understanding of mechanical
properties is essential for improving the reliability and life time of thin films. Thus,
it has become progressively more important to understand the non-electrical
properties of thin film materials for use in actuators, sensors, and even VLSI
devices.

Recently, the examination of residual stresses in thin films has progressed
to the study of the mechanical properties of microelectronic structures and a broad
range of thin film materials [1]. These residual stresses cause great problems in not
only the fabrication of micromechanical devices, éﬁch as wrinkling in thin
diaphrams and deflection in cantilevers but also the fabrication of VLSI devices,
such as pattern deformation, passivation crack and chip fracture. In these
applications, the prediction and the control of stresses are critical because they
affect the performance of the devices and even their feasibilities.

The goal of this work is to investigate the residual stresses in sputtered
TaSi2 thin films. Since it has been known that the magnetron-sputtered thin films

display a rich variety of effects, including compressive-to-tensile stress transitions



as a function of a working gas pressure [2], TaSi: thin films were deposited on Si
substrates at various Ar pressures (deposition from magnetron sources gives access
to a wide range of low working gas pressures with minimal substrate heating).
After deposition, the residual stresses in the films were measured by curvature
measurement method. Finally, SEM micrographs of the films will show that
residual stresses correlate directly with microstructural features and physiéal
properties.

Tantalum silicide thin film was chosen as a specimen for several reasons. It
is a low resistance material compared to polysilicon (approximately an order of
magnitude lower). It has a very high electromigration activation energy, which is
1.7 eV [3] (this 1s almost three times higher than aluminum of which
electromigration activation energy is about 0.6 eV), and this eliminates the
reliability problem caused by electromigration. Tantalum silicide is compatible
with standard IC processing techniques. In addition, the microhardness of TaSiz is
significantly higher than that of many other silicides.

Chapter 2 describes a fundamental of residual stress in thin films. The
origins and types of stresses are investigated and a quantitive calculation of film
stress, Stoney formula, is introduced. Finally, the several technologies for stress
measurement are discussed.

Chapter 3 examines the properties of tantalum silicide. For this, section 3.1
describes an overview of metal silicides including the reason why the metal
silicides have been getting attention of scientists for both VLSI and
micromechanical applications. Section 3.2 introduces the methods of formation of
silicides and section 3.6 illustrates the properties of tantalum silicide.

Chapter 4 explains the properties of a magnetron sputtering and the
microstructure of sputtered films. In section 4.3, an overview of the stresses in

magnetron-sputtered thin film 1is also presented.



Chapter 5 describes the experimental procedures, such as sputter-deposition
and stress measurements in detail. In chapter 6, the experimental results,
discussions, and challenges are presented. Finally, chapter 7 gives a conclusion of
the thesis.

All sputtering depositions were performed at the NJIT Microelectronics
Research Center (NJIT MRC) and all measurements were done at NJIT's Thin Film
Characterization Lab and NJIT's Optical Imaging Lab.



CHAPTER 2

FUNDAMENTALS OF RESIDUAL STRESSES IN THIN FILMS

2.1 Origins of Thin Film Stresses

In addition to externally applied stresses, incidential stresses induced during the
manufacturing process and during use play significant role in determining the
mechanical behavior of thin films. Changes in important physical and chemical
properties of the films, adhesion failure, and cracking of the film or substrate may
be caused by internal film stress. Some of these negative effects are exaggerated
when the film is subjected to additional external loading, particulary when the
substrate is flexible or the film is largely unsupported.

Vacuum deposition of thin film on substrates almost always results in
internal film stresses, which fall into two basic categories ; thermal and intrinsic
stress. Thermal stresses are due to a mismatch of thermal expansion coefficients
between film and substrate, and intrinsic stresses are the result of defects
accumulated during deposition or growth. Thermal stresses usually develop in thin
films when high temperature deposition or high temperature annealing are involved,
and are usually unavoidable. To see how mismatch of film and substrate thermal
expansion ceofficients generates film stresses, imagine a semi-infinite film
deposited on semi-infinite substrate at high temperature. The film is several orders
of magnitude thinner than the substrate (the thin film approximation). At this
temperature, the thin film is in a stress-free state. Next, imagine detaching the
film from the substrate and cooling the system to room temperature (Figure 2.1).
Usually, the substrate dimensions undergo minor shrinkage in the plane while the
film dimensions are more greatly reduced. In order to reapply the film to the

substrate with complete surface coverage, the film must be stretched with a biaxial
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Figure 2.1 Thermally induced biaxial stress in a thin film



tensile load. This " thought experiment " 1is analogous to the development of
tensile thermal stresses in thin film attatched to substrate.

Intrinsic stresses are due to structural or compositional changes that result
in film volume changes. Densification may be due to phase transformation,
precipitation, dislocation movement, excess vacancy annihilation, and grain
boundary relaxation. Film are sometimes far from thermodynamic equilibrium
during deposition. Densification results in stresses that are present in the absence
of thermal effects (Figure 2.2). Epitaxial growth stresses may also be present, the
result of slight lattice mismatch between film and substrate.

Residual stresses must be superimposed on thermal and intrinsic stresses
caused by assembly and normal operation of microelectronic devices. Sensors and
actuators are intentionally subjected to additional thermal and mechanical loading
in the performance of the functions for which they were designed. Also,
particulary in soft and low melting point materials like aluminum, residual stresses
tend to relax through diffusion. Flaws such as voids and hillocks may form,
creating weak points where failure is likely. Thus, an understanding of all sources
of stress is critical for complete understanding of thin film mechanical properties

(Figure 2.3).

2.2 Tensile and Compressive Stress in Film
Thin films can be stressed even without the application of external loading and are
said to possess residual stresses. Residual stresses are, of course, not restricted to
composite film-substrate structures, but occur universally in all classes of
homogeneous materials under special circumstances. A state of nonuniform plastic
deformation is required, and this frequently occurs during mechanical or thermal
processing. For example, when a metal strip is reduced slightly by rolling between

cylindrical rolls, the surface fibers are extended more than the interior bulk.



Growth of grain #1 has caused a volume change. The film must have tensile stress

Figure 2.2 Grain growth induced stress in a thin film
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Machining a thin surface layer from the rolled metal will upset the mechanical
equilibrium and cause the remaining material to bow.

Residual stresses arise in casting, welds, machined and ground materials,
and heat-treated glass. The presence of residual stresses is usually undesirable, but
there are cases where they are benefical. Tempered glass and spot-peened metal
surfaces rely on residual compressive stresses to counteract harmful tensile stresses
applied in service. A model for generation of residual stress during the deposition
of films is illustrated in Figure 2.4. Regardless of the stress distribution that
prevails, maintenance of mechanical equilibrium requires that the net force / and

bending moment A vanish on the film-substrate cross section. Thus,

F=fodd=0 (2.1)

M= [oydd=0 (2.2)

where A 1is the sectional area and y is the moment lever arm. Intuitive use will
be made of these basic equations, and they are applied analytically in deriving the
Stoney formula in the next section. In the first type of behavior shown in Figure
2.4 (a), the growing film initially shrinks relative to the substrate. Surface tension
forces are one reason why this might happen ; the misfit accompanying epitaxial
growth is another. Compatibility, however, requires that both the film and
substrate have the same length. Therefore. the film is constrained and stretches,
and the substrate accordingly contracts. The tensile forces developed in the film
are balanced by the compressive forces in the substrate.

However, the combination is still not in mechanical equilibrium because of
the uncompensated end moments. If the film-substrate pair is not restrained from

moving, it will elastically bend as shown, to counteract the unbalanced moments.
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Figure 2.4 Sequence of events leading to (a) residual tensile stress in film |
(b) residual compressive stress in film
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Thus, films containing residual tensile stresses bend the substrate concavely
upward. In an entirely similar fashion, compressive stresses develop in films that
tend to initially expand relative to substrate (Figure 2.4 (b)). Residual compressive
film stresses, therefore, bend the substrate convexly outward. These relations are
perfectly general regardless of the specific mechanisms that cause films to stretch
or shrink relative to substrates. Sometimes the tensile stresses are sufficiently large
to cause film fracture. Similarly, excessive high compressive stresses can cause

film wrinkling and local loss of adhesion to the substrate.

2.3 The Stoney Formula
We now turn our attention to a quantitative calculation of film stress as a function
of substrate bending. The formulas that have been used in virtually all
experimental determinations of film stress are variants of an equation first given by
Stoney 1 1909 [5]. This equation can be derived with reference to Figure 2.5,
which shows a composite film-substrate combination of width w. The film
thickness and Young's modulus are dr and £y respectively, and the corresponding
substarte values are ¢s and FEs. Due to lattice misfit, differential thermal
expansion, film growth effects, etc., mismatch forces arise at film-substrate
interface. In the free-body diagrams of Figure 2.5 (b) each set of interfacial forces
can be replaced by the statically equivalent combination of a force and moment : Fr
and Mrin the film, Fr and M. in the substrate, where Fy = F.. Force [y can be
imagined to act uniformly over the film cross section (daw) giving rise to the film
stress.  The moments are responsible for the bowing of the film-substrate
composite. Equation (2.2) requires equality of the clockwise and counterclockwise

moments, a condition expressed by

((dr + ds )/2) Fr = Mr+ M, (2.3)
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Consider now an isolated beam bent by moment AZ, as indicated in Figure
2.5 (c). In this case, the deformation is assumed to consist entirely of the
extension or contraction of longitudinal beam fibers by an amount proportional to
their distance from the central or neutral axis, which remains unstrained in the
process. The stress distribution reflects this by varying linealy across the section
from maximum tension ( + o) to maximum compression ( - om ) at the outer
beam fibers. In terms of the beam radius of curvature R, and angle & subtended,

Hooke's iaw yields

H-

_ (R+d/2)6-R6 \_ | Ed |
Om E{ = }~ SH (2.4)

Corresponding to this stress distribution is the bending moment across the beam

section :

d/')
; y G’ w Edw
M = jk G W(d/,z))’dy = s T TR (2.5)

0

By extention of this result, we have
Mr=Erdpw/12R and Ms=Esdsw/ 12 R (2.6)

Lastly, in order to account for biaxial stress conditions, it is necessary to replace

Er by Er/(1l- v, and similarly for Es.. Substitution of these terms in Equation (2.
3) yields
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dr+ ds - W Fr 3 Es 31
(597 - == () (=501 e

Since ds 1s normally much larger than dj, the film stress oy is, to a good

approximation, given by

~ Er ! Esds~
9T T@w T R (= w ) (2.8)

Equation (2.8) is the Stoney formula. Values of oy is are determined through

measurement of R,

2.4 Stress Measurement Techniques
Three basic methods exist for measuring the stresses of the thin films on the

substrates : curvature measurement, x-ray diffraction, and photoelastic method.

2.4.1 Curvature (Bending) Measurement Method

Curvature measurement is based on bending forces exerted by thin films on
substrate. This method is used for both in-situ and post-processing measurements
of residual stresses. Several mechanical property measuring methods are also based
on this effect. A biaxial stress in a thin film on a substrate will cause the substrate
to elastically deform. The biaxial stress produces shear stresses on the film /
substrate interface near the edges of the film. Bending deformation is due to these
shear stresses. If the thin-film approximation is made, only the biaxial modulus of
the substrate must be considered in evaluating the bending due to biaxial stresses.

No thin film properties must be assumed. Film stress is directly proportional to

displacement.
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For in-situ measurement of the film stresses during film deposition,
cantilever beams are commonly employed [6]. Beam-tip deflection can be
measured by a variety of techniques. In-situ measurement is complicated by the
need to consider other bending mechanisms such as momentum transfer from the
deposition process [7] and temperature gradients [8]. After deposition, secondary
bending sources no longer require consideration, but complications arise from
geometric deviations from beam theory found in microcantilever beams.

A disc-shaped substrate is most often used for post-processing stress
measurements. This technique measures average biaxial stress in a film over a
relatively large area and avoids some of the geometric complications of
microcantilever measurements. Optical measurement methods such as
interferometry and laser rastering, and grazing incidence x-ray scattering (GIXS)
techniques are used.

Interferometry determines curvature from the interference between
reflections from the substrate and a flat surface [9]. Laser rastering measures the
deflection of a laser beam reflected from the substrate surface [10] (Figure 2.6).
These methods measure average stress in plane and through thickness through the

properly designed equipments.

2.4.2 X-Ray Diffraction Method

When a polycrystalline piece of metal is deformed elastically in such a manner that
the strain is uniform over relatively large distances, the lattice plane spacings in the
constituent grains change from their stress-free value to some new value
corresponding to the magnitude of the applied stress, this new spacing being
essentially constant from one grain to another for any particular set of planes
similarly oriented with respect to the stress. This uniform microstrain causes a shift

of the diffraction lines to new 28 positions. On the other hand, if the metal is
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deformed plastically, the lattice planes usually become distorted in such way that
the spacing of any particular (hk/) set varies from one grain to another or from one
part of a grain to another. This nonuniform microstrain causes a broadening of the
corresponding diffraction line. Actually, both kinds of strain are usually
superimposed in plastically deformed metals, and diffraction lines are both shifted
and broadened, because not only do the plane spacings vary from grain to grain but
their mean value differs from that of the undeformed metal.

X-ray method is nondestructive for measurement of surface stress. If the
stress is to be measured at some point below the surface, material must be removed
down to that point to expose a new surface for x-ray examination ; the x-ray
method then becomes destructive. Ordinarily, however, one is most interested in
the stress at the surface, where the applied stress is usually highest and where
failures usually originate.

The x-ray method has the great advantage that it makes possible repeated
measurements on the same specimen. For example, we may measure stress before
and after some treatments designed to produce or modify various stages in its
service life. Note also that the x-ray method measure the existing stress, whether it
be solely residual or the sum of residual and applied. It therefore has the capability
measuring the actual service stress in a machine or structure under a service load.
Note, however, that stress is not measured directly by the x-ray method but by
calculation or calibration. In principle, the x-ray method is applicable to any
polycrystalline material. While it has had some application to stress measurement
in ceramic and rocks, its major use is the measurement of residual stress in metals
and alloys.

Since the angular position 28 of the diffracted beam is meausred directly

with a diffractometer, it is convenient to write the stress equation in terms of 28

rather than plane spacings. Equation (2.9) allows us to calculate the stress in any
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chosen direction from plane spacing obtained from two measurements made in a

plane normal to the surface and containing the direction of the stress to be

measured. (Figure2.7)

E di — dn
- 3 2.9
g = (1 + v)siny ( dn ) 2.9)

Differentiating the Bragg's law ( A =2 d siné), we obtain

a4d _ cot g 4286 (2.10)
S h
Combining this relation with Equation (2.9) gives
Ecot8 (20, — 26:)
2 (1 +v) siny
Put
Ecotd (2.12)
Ki = 2 (1 + v)sitty '
Then
o9 = K1 (20~ "268i) = Ki (428) (2.13)

where 26 1s the observed value (in radians) of the diffractometer angle in the
"normal” measurement (= 0) and 28 is the value in the inclined measurement
(w = ). Figure 2.8 shows the use of diffractometer for stress measurement. the
constant K is called the stress constant. For greatest sensitivity K should be as
large as possible.

The x-ray method has been reviewed by Barrett and Massalski [11], Klug



