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Chapter 1

Introduction

1.1 Motivation

Flip chip bonding technology boomed because it offers packages a number of
possible advantages such as smaller size, higher performance, greater I/O
flexibility, and lower cost [1, 2]. Technologies are developed to increase the I/O
density and reduce the pitch size of the packages to meet the requirement of
smaller packages with higher performance that can sustain an extremely high
temperature even under normal operating conditions. Mechanical issues become
more responsible for the failure of packages. The coefficient of thermal
expansion (CTE) mismatch between the chip and the carrier induces high
thermal and mechanical stresses and strain, which eventually cause failure of
packages. The reliability of flip chip packaging is partly dominated by the

contact bumps. Numerical simulation such as finite element methods has been
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employed in structure designs and analysis to predict and optimize the reliability
of IC packages. Only if the inputs of material properties are correct, can the
outcome be referable to its applications. Under bump metallization (UBM),
which usually have thickness of thin-film order, are important parts in a contact
bump. However, there are rare studies about the material properties of UBM.
Thin-film materials have been widely used in many applications. The
mechanical properties of thin films may be markedly distinct with different
processes and processing conditions, but usually difficult to obtain because the
thickness of a few micrometers. Therefore, our goal is to develop a method to
obtain the mechanical properties of materials with thickness of thin-film order.
In this study, copper films are employed due to the emergence as an important
material in IC packages in the last few years, which have higher electrical and
thermal conductivity, and better resistance to electromigration than aluminum.
In addition, the advent of copper-based chip interconnection metallurgy is
expected to boost the flip chip technology. It will be possible to directly bond
the copper pads with conductive adhesives. This simple processing ability would
have a great impact on cost and infrastructure issues by possibly eliminating

UBM and maybe the bumping step [3], if the high resistance problem is solved.

1.2 Literature Review

Thin films have been of great interest because of various technological
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applications. The principal function of thin film components is generally not
structural; therefore, the mechanical behavior may not be the major concern for
material selection or design [4]. However, it is essential to acquire the
knowledge of mechanical properties and responses of thin films such as the
Young’s modulus, the coefficient of thermal expansion (CTE), and the stress,
which usually dominate the stability and reliability of the devices.

The mechanical properties of thin films may be markedly dependent on the
deposited condition, thickness, and the exposed environment. One category of
the geometrical configuration for measuring mechanical properties of thin films
is freestanding, such as the tensile test [5] and the bulge test [6], which can
provide the stress-strain curve. Although measurements on freestanding films
are straightforward to derive the intrinsic film properties, the samples require
beforehand preparation and fabrication, and the geometrical definition of the
film is more difficult. The other category is films on substrates, and the
mechanical properties of silicon substrates need to be known in practice. X-ray
diffraction is another tool to obtain Young’s modulus of the thin film [7].
Nevertheless, the use is restricted to crystalline thin films, and cost and safety
issues are also of concern. Nanoindentor instrument is another popular tool [8],
but it is also a destructive method. Literatures for CTE of thin films are very
limited. For most foregoing methods, mechanical loading were applied, which

didn’t deal with the CTE measurement in general. Radius-of-curvature
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measurement with thermal load is adopted. By pairing a substrate with a single
CTE with a substrate with anisotropic CTEs, such as Y-cut quartz, Ho et al
obtained elastic modulus, Poisson ratio, and CTE of the films [9]. However,
single value of each curvature has less resistance to errors, which might be
caused from the measuring system such as small deviation of the position when
scanning a laser beam over the sample, and the deviation of materials properties
of substrates and might influence the result.

As for techniques of optical measurements, to quantify the interfering fringe
patterns and to improve the resolution, phase stepping, phase unwrapping and
image processing techniques were required and developed [10, 11]. Asundi used
the computer generated logical moiré to both static and dynamic applications
[12]. Chiang measured the stress in thin films by rotating the grating 90 degrees
to form slope fringe patterns in the other orthogonal direction [13]. Yang
adopted phase shifting of a cross grating for reflection moiré to simultaneously
obtain the slopes of both directions [14]. However, rotating or shifting the
grating might not be suitable for the real-time measurement under temperature

change.

1.3 Research Scope
In this study, we have developed methods for determining mechanical

properties of materials, which include anisotropic silicon wafers and sputtered
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thin copper films on silicon substrates. The corresponsive results and
phenomena are also discussed.

In Chapter 2, optical measurement techniques are mentioned. Two moiré
methods, shadow moiré and reflection moiré, were adopted in this study. The
techniques of phase extraction for the optical measurement are briefly
introduced first. The implementation of the redeveloped reflection moiré and the
verification are then illustrated. Finally, distinctive features of these two optical
measurement techniques are summarized.

In Chapter 3, we present a method for obtaining mechanical properties of
copper films on silicon substrates. The mechanical properties of silicon
substrates are measured first in Section 3.1. The genetic algorithm (GA) with
finite element analyses using ANSYS was used to optimally obtain the
mechanical parameters of copper films such as elastic modulus and CTE. The
analysis method is presented in Section 3.2, and Section 3.3 describes the
sample preparation and the procedure of optical measurement. Finally, the
results obtained are discussed with further examination in Section 3.4.

In Chapter 4, the conclusions of each topic are narrated respectively, which

include the optical measurement and sputtered copper thin films.
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Chapter 2

Metrology Techniques

Optical measurement techniques have been developed widely in various
areas owing to their properties of non-contact, whole field, and high accuracy.
Two moiré methods, shadow moiré¢ and reflection moiré, were adopted in this
study. Shadow moiré is a well-established optical technique for measurement of
the out-of-plane displacement, and reflection moiré is used for the partial
derivative (slope) of the out-of-plane displacement, in the principal direction of
the grating. In Section 2.1, the techniques of phase extraction required for the
optical measurement are briefly introduced. The implementation of the
redeveloped reflection moiré is illustrated in Section 2.2, and verification is
presented in Section 2.3. Distinctive features of these two optical measurement

techniques are then summarized in Section 2.4.
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2.1 Introduction of Phase Measurement

Fringes are generally the most primitive data recorded with optical
measurement methods. The decisive factors in bringing the performance to the
limit are automatic quantification of the recorded data and improvement of the
resolution. Phase measurement, the theories for which were formed in the 1970s,
is the quantitative technique for improving measuring resolution. With the
improvement of computers and image recording systems, phase measurement
became a more attainable and applicable method for enhancing the measuring
precision in the 1980s.

The physical information we seek is usually implied by the intensity of the
fringes. The intensity recorded is usually formulated as

1(x,y)=a(x, y)+ blx, y)cos|g(x, y)] 2-1)

where the phase ¢(x, y) is proportional to the desired information with some
factor which relates to the optical setup, a(x, y) is the background intensity,
and b(x,y) is the fringe modulation intensity. There are two categories of
methods used to extract the phase from the intensity distribution. One category
is image transformation, which usually requires only one image. However,
transformation requires complicated calculations and human judgment. The
other category, which includes phase shifting or phase stepping methods, is
adopted in this study. From Equation (2-1), we can see that there are three

unknowns: a(x,y), b(x,y),and ¢(x,y) in a fringe pattern. Therefore, at least
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three fringe images are needed to solve all the unknowns. Phase shifting
methods compute the phase through the recording of multiple fringe images.

The intensity, with phase shifting, can be expressed as,

1,(x,y) = a(x, y)+ b(x, y)cos[g(x, ) + , ]
= k-1, (2-2)
k=12.....,n

where [, is the intensity distribution of the k&, step, «, is the accumulative
increment shifted of the phase for the &, step,and «, is a constant as the step
size of each step. Phase shifting, an intention to introduce a modulation to the
phase, can be accomplished with various shifting mechanisms, depending on the
optical methods used, such as tilting a glass plate, rotating a half-wave plate,
moving a mirror for different interferometry, or shifting a grating for moiré
methods, as shown in Figure 2.1.1 [1]. The formulas adopted to calculate the
phase depends on both the number of steps and the step size. For example, for

four steps with a /2 shift, the phase can be obtained by

1, -1,
#(x,y)= tan (HJ (2-3)

For three steps with a 27/3 shift, the phase can be obtained by

I -1 2
,y)=tan| /3 ——3— |+ = 2-4
#(x, ») [«/ 212_11_13] ; (2-4)

The phase ¢(x, y) is wrapped in —7z ~x because of the trigonometric

function employed, and is thus called the wrapped phase map. Phase



Chapter 2. Metrology Techniques 11

unwrapping is then performed to unwrap the —7z ~ 7 phase to a continuous
phase map, which is related to the desired information. The schematic concept
of unwrapping is illustrated in Figure 2.1.2 [2]. Next, we will illustrate the
process of quantifying a fringe pattern from shadow moiré with phase shifting
techniques mentioned above. The Schematic diagram of shadow moiré is
illustrated in Figure 2.1.3. The relation between the phase and the
out-of-displacement is as follows:

__Nlxy)p
w(x,y) tana + tan 8

N, )= ¢(;;ZJ’)

(2-5)

where N is the order of the interfering fringe, p is the grating pitch, o is the
angle between the light source and the normal to the grating surface, £ is the
angle between the CCD and the normal to the grating surface, and ¢(x, y) is
the unwrapped phase. The package used as the sample here is a TSOP. We make
p=100 um, a=45° and £ =0° in this application, which make a fringe equal a
displacement of 100 um. Three-step phase shifting is adopted here, and each
fringe pattern is recorded after a 27/3 shift, as shown in Figure 2.1.4. Intensity
distributions of these three images are substituted into Equation (2-4). The
wrapped phase is then obtained by the calculation and shown in Figure 2.1.5.
After employing the unwrapping algorithm, the unwrapped phase is obtained
and shown in Figure 2.1.6. Through Equation (2-5), the out-of-plan

displacement can be related to the unwrapped phase, and the topography of the
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sample can be obtained, as shown in Figure 2.1.7. In general, phase
measurement can improve the accuracy from ten to one hundred times that of

fringe intensity.

2.2 Reflection Moire

Numerical differentiation is known as an inaccurate process, and as such
should be avoided if possible. In this regard, reflection moiré with slope as the
prime experimental data is superior to displacement generating methods, such as
shadow moiré and holography. The essentiality of the reflecting sample surface
was regarded as the major limitation in its application. Nevertheless, it is
favorable for our applications to shiny metallic IMCs and mirror-like surfaces,
such as silicon substrates.

The key points in this section are focused on the implementation of the
redeveloped reflection moiré. A schematic diagram of the experimental setup is
shown in Figure 2.2.1. The sample used to demonstrate the measurement
procedure is a 2.5 cm x 2.5 cm x 350 um (100) silicon substrate with a 2-um
copper film deposited on the bottom surface. A white light was passed through
the grating and the beam splitter and then reflected from the surface of the
sample. The deformed grating was the reflection of the cross grating and
recorded with a CCD, as shown in Figure 2.2.2(a). A cross grating was

employed to measure the slope change of the two orthogonal directions. To
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separate out the information of one direction, the grating of the second direction
had to be removed. A 1-by-5 convolution kernel was used as an averaging filter
[3], and the dimension of the kernel was determined by the number of pixels of
one grating pitch recorded. The intensity of the filtered frame can be written as,
I, (x, y) = a(x, y) + b(x, y)cos[27_zf0x + 4. (x, y)], (2-6)
where the phase @(x,y) contains the desired information, a(x,y) is the
background intensity, b(x, y) is the fringe modulation intensity, and £, is the
spatial-carrier frequency. To extract the phase from the intensity distribution,
phase shifting was needed, and this was accomplished by numerically shifting a
computer generated grating instead of using an optically shifting mechanism.
Any step length can be achieved with numerical shifting, and we chose the
Carré four-step formula with a 7 /2 shift, which is more stable and can cancel
out nonlinear terms automatically [1]. The extracted term [27f,x + ¢.(x, y)] can
be shown as the wrapped phase map in Figure 2.2.2(b), and the profile of the
dashed line is shown in Figure 2.2.2(c). After the wrapped phase was unwrapped,
a continuous distribution of the phase could be obtained, as shown in Figure
2.2.2(d). If the sample was undergoing a temperature change, we could record

the deformed grating at any temperature. With the same abovementioned

procedure, another unwrapped phase [27_27‘0x+¢f(x, y)J can also be obtained.

The phase of the slope under any temperature change: A¢ = (¢f —¢i), can be

obtained by subtracting these two phase maps. The phase related to the
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experimental setup is as follows:

rg=Np Ny AP
2L 27

(2-7)
where A6 is the slope change, N is the order of the interfering fringe, p is the
grating pitch, and L is the distance from the grating to the sample surface. With
p=400 um and L=0.69 m in our case, the resolution is 2.9x10™* rad/fringe.
Furthermore, the resolution can be enhanced to the order of 10™° rad/pixel with
the phase shifting techniques mentioned above, which can be equivalently
converted to a resolution of 0.2 um for warpage in a 2.5cm X 2.5cm area.

In addition to the extremely high resolution with a relatively coarse grating
pitch needed, reflection moiré has the capability of visualizing the sample
condition, which is usually not accessible with laser scanning measurement. An
example of a bilayer structure, a 2 um copper film deposited on a silicon
substrate, is illustrated in Figure 2.2.3. Partial delamination of the copper film
caused a small bulge on the copper surface. The topography of the copper-film
surface with the small bulge on it could be measured with shadow moiré, as
shown in Figure 2.2.3(a). When we turned over the specimen and measured the
silicon surface on the other side with reflection moir¢, this high-resolution and

whole-field measurement allowed the delamination to reveal even the bulge on

the copper side, as shown in Figure 2.2.3(b).
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2.3 Verification

Owing to the requirement of a mirror-like surface for the employment of
reflection moiré, the verification was performed using a slender silicon substrate.
The silicon was simply supported and loads of 150g, 175g, and 220g were then
applied in turn at the middle of the span. The dimensions of the silicon were
80.0mm in length, 21.0mm in width, and 541.0um in thickness. From the
responses of two strain gauges, the Young’s modulus of the silicon in the
longitudinal direction was measured to be 165.5 GPa.

Reflection moiré was then applied to measure the slope change in the silicon
with loading of 37g at the middle of the span. The CCD recorded the images of
the grating from the silicon surface before and after the force was applied. The
loading could not be excessively large; otherwise, the deflection would be too
large for the deformed surface to stay in focus under this condition. With a
grating pitch of p=600.0 um and L= 66.75 cm, the resolution is 4.5x10™*

rad/fringe, as per Equation (2-7). After the processing procedure described in

Section 2.2, the phase change, A¢ = (¢f - ¢i), could be obtained by subtracting

the loading and unloading phase maps. The slope change was measured to be
2.57x107rad, and the calculated slope change was 2.54x107rad. From the
results, we can see that the difference of the implementation of the reflection

moiré with artificial cross grating developed here was small, only 1.2 %.
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2.4 Summary

In this study, two moiré techniques, namely reflection moiré and shadow
moiré, were developed to measure the deformation of layered composite
structures subjected to thermal loading. An artificial cross grating was also
developed for reflection moiré in order to overcome the problems of
measurement under temperature change, while at the same time preserving the
improved resolution and the two orthogonal slopes.

The techniques developed to quantify fringe patterns and to improve the
resolution for reflection moiré include phase stepping, phase unwrapping, and
image processing, and these can also be applied to shadow moiré, as has been
described previously in detail elsewhere [4]. It is notable for shadow moir¢é that,
for general application, it uses a grating pitch finer than 100 um to reach the
resolution of 10 um. However, reflection moiré can bear a relatively coarse
grating pitch, such as 400 um, to equivalently obtain the resolution of 0.2 um for

warpage, which also efficiently lowers the cost of grating fabrication.
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Figure 2.1.4.  Shadow moir¢é fringes of TSOP with three-step shifting. (a) The

first-step fringe pattern, (b) the second-step fringe pattern, (c)

the third-step fringe pattern.
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V

Figure 2.1.5.  The wrapped phase map of TSOP.

Figure 2.1.6.  The unwrapped phase map of TSOP.
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Figure 2.2.2.  (a) The deformed grating recorded by the CCD. (b) The
wrapped phase map. (c¢) The profile of the dashed line in Figure
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phase map.
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Figure 2.2.3.  (a) The topography measured from the copper-film surface with
shadow moiré. (b) The wrapped phase map of the

copper-film/silicon sample with reflection moiré.
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Chapter 3

Mechanical Properties of Sputtered Cu Film

Thin films have been widely used in various technological applications.
Though the principal function of thin film components is generally not structural,
it is essential to acquire the knowledge of mechanical properties and responses
of thin films, which usually dominate the stability and reliability of the devices.

For most methods, mechanical loading was applied, which didn’t deal with
the CTE measurement in general. In this chapter, we present a method for
obtaining mechanical properties of copper films on silicon substrates. The
mechanical properties of silicon substrates also need to be known in practice,
which are illustrated in Section 3.1 first. Finite element analyses with ANSYS
were then performed, and the genetic algorithm (GA) was used to optimally
obtain the mechanical parameters of copper films such as elastic modulus and

CTE. The analysis method is presented in Section 3.2 to show how the
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numerical algorithm works, and Section 3.3 describes the procedure of optical
measurement in progress and the sample preparation. Reflection moiré
developed in Chapter2 is adopted here for the mirror-like surface of silicon
substrates. Finally, in Section 3.4, the results obtained are discussed with further

examination.

3.1 Mechanical Properties of Si Substrates

To study the mechanical behavior of thin films, thin films on substrates are
adopted most often. The most commonly used material for substrate is silicon,
which has low CTE and is a prevalent semiconductor material. The theoretical
values of elastic moduli of silicon were usually applied. However, the values
might be different in practice. Before further study of thin-films, the actual
mechanical properties of silicon substrates should be cautiously investigated
first.

Silicon belongs to the cubic crystal class. In the original crystallographic
orientation, there are three independent constants in elastic stiffness of silicon,
which are C;=165.6 GPa, C,=63.9GPa, and C44=79.5 GPa [1]. For crystals
with cubic symmetry, the axes of the coordinate system are generally aligned
with the edges of the unit cell of the crystal, as shown in Figure 3.1.1. The
elastic constants in other coordinate systems are obtained using tensor

transformations:
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4 —_—
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cijkl - amianjapkaqlcmnpq’ (3-1b)
where s, and cj,, are the compliance and stiffness tensors in the new

coordinate system, and a, is the direction cosine in terms of the Eulerian

angles of the crystal coordinate system with respect to the new coordinate

system. The transformation law (3-1b) is for C,, a fourth rank tensor. It
requires tedious computation, and is not convenient for the 6x6 matrix C,; [2].

We introduce the simplified transformation for C,;. The 6x6 matrix C,, for

cubic materials can be written as follows,

€1 € Cp 0 0
Cp € Cp 0 0
c c c 0 0
c=|2 ‘2 )
0O O cy O 0 (3-2)
0 0 0 ¢, O
100 0 0 0 ¢y

The compliance s,, can be expressed analogously. The special case of the

transformation is the rotation about the z-axis through an angle &, and the

transformation laws are easily shown as:

C'=KCK", s'=(k"Y sk, (3-3a)
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m n 0 0 2mn
n m* 0 0 0 —2mn
K- 0 0 1 0 O 0
0 0 0 m —n 0
0 0 0 n m 0
|-mn mn 0 0 O m’ —nz_
(3-3b)
‘m* w2 0 0 0 —2mn |
o om* 0 0 0 2mn
e 0 0 1 0 0 0
0 0 0 m n 0
0 0 0 —-n m 0
|lmn —mn 0 0 O m’ —nz_

where
m=cos@, n=sind.
After transferring the matrixes C and s to the new coordination, the elastic

modulus (E) in the new coordinate system is then defined by [2]:

po e +2d) 1 34

’ ’ !
top Sty

After the transformation conforming to the geometric orientation of (100)
wafers with 6 = % , the in-plane elastic moduli of (100) wafers calculated are
E<j00>- = 130.0 GPa, E<jj0- = E<j10- = 168.9 Gpa following the process
mentioned above. To measure the elastic moduli of silicon substrates, (100) and

(110) silicon wafers with both side polished were adopted. The different

orientations of specimens cut form (100) and (110) wafers are shown in Figure
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3.1.2. Each specimen was cut into 6.0 cm x 1.5 cm. Three slices of (100) wafers
with different thickness were used, which were 255 um, 350 um, and 525 um.
An ANSYS finite element model was used to examine whether the Euler beam
equation is suitable for such specification with anisotropic material properties.
The silicon was simply supported and load was applied at the middle of the span
as shown in Figure 3.1.3. Euler beam was chosen because it relate strains to the

elastic modulus with a very simple equation as:

6
g(x,z): ﬁz (3-5)

where p is the loading force, b and h are the width and height of the beam, and E
is the elastic modulus along the longitudinal direction. The strains calculated
from 3D FEM using ANSYS were compared with the strain calculated from
Euler beam equation in Figure 3.1.4. We can see that near the location where the
load and boundaries applied, the strains from Euler beam equation deviated a
little from that from FEM because of stress concentration. Therefore, we choose
to locate the strain gages at the middle of the load force and each support where
the strains from beam equation fit that from FEM well. The result shows that
with proper strain gage locations, the in-plane elastic moduli could be
successfully obtained with general Euler beam equation (3-5), which were
E<j00-= 103.6 GPa, E<10-=140.7 GPa, E<j10-= 140.5 Gpa for the 255-um thick
wafer. The measurement agreed with the trend of theoretical values in each

orientation. The results of <110> and <-110> directions only had 0.2%



Chapter 3. Mechanical Properties of Sputtered Cu Film 31

difference. All the experimental data are listed in Table 3.1.1. The percentage of
difference for each specimen cut from the same wafer was consistent to each
other. The average difference increased from 7.2 % to 17.9 % with the thickness
decreasing from 525 um to 255 um. The effect of defects became more obvious
in thinner thickness of silicon wafer, and made the elastic moduli smaller than
the theoretical values.

On the other hand, the theoretical elastics moduli of (110) wafers repeat
every 7 rad., which is shown in Figure 3.1.5. The in-plane elastic moduli of (110)
wafer were determined to be E< ;1= 170.1 GPa, E-;.1,-=157.9 GPa with the
same method, which were also smaller but close to the theoretical values with
the consistent percentage. The theoretical and measured data of (110) wafers are
also listed in Table 3.1.1. Use of the anisotropic (110) wafer aims to make
characterization of material properties of the deposited thin film successful
because it has different curvatures in each orthogonal directions which can offer
more information to determine the thin film material properties.

The applications with thin silicon substrates are gradually increasing. For
example, 3D system integration with thin silicon substrates can overcome the
performance bottleneck for next IC generation. According to the results above,
besides the thin thickness causes the specimens more flexible, the effect of
defects in thinner substrates also causes the elastic moduli more deficient, which

makes the substrate even more flexible. Therefore, use of thinner wafers always
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comes with larger deformation, which might cause other integration problems

and should be handled with more consideration.

3.2 Analysis Method

Finite element analyses adopted to calculate the deformation of the
film-on-substrate composite structure under thermal loading were performed
with ANSYS. A composite element, Shell99 in ANSYS, was introduced because
the films on the substrates were of the micrometer order and the selected (100)
and (110) silicon substrates were 355 um and 306 um thick respectively. Shell99
that takes the stiffness change along the thickness direction into consideration
based on the composite theory is an ideal element for thin film analysis such as
our cases here. The results with Shell99 used have been proved to be the same as
those with Solid73, an 8-node solid element in ANSYS, as shown in Figure
3.2.1. The model is a 2um thick film on a 250 um thick substrate under
temperature change. The slopes from models using these two elements fit well,
except for a deviation near the edge, which is because of the unavoidable
singularity near the boundary, even using finer mesh. Therefore, when we select
data as the input for the searching algorithm, we should leave out the peripheral
area, also, the reflection image of which is often affected by chipping effect. The
number of the element needed with Shell99 was several times smaller than that

with Solid73. In this way, the excessive aspect ratio issues, which were usually
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encountered in the thin film analyses, could be avoided. Computation time could
also be appreciably saved.

Each case was begun with randomly generating sets of mechanical
parameters. ANSYS was employed to calculate the slope of warpage under
temperature change. The stiffness matrix of the film-on-substrate composite
structure was generated according to the guessed mechanical parameters. The
following quadratic objective function was used to find the degree of deviation

between the calculated and measured warpage slopes:

fit=-3 £¢;;f‘ e :"XPJ +[¢” ¢;p - } (3-6)

i=1 xi yi
where ¢/ and ¢)flf‘l are the calculated slope values in each iteration using the

guessed mechanical parameters, ¢ and ¢;° are the measured slope

distributions, and N is the number of the measured data. The reason why the
normalized form of the objective function is adopted is that we hope to make
each measured point have the equal contribution to the fitness. Through the
whole field optical method, we can obtain the points spreading all over the
surface, which often have substantially different magnitude. We do not want the
searching process to be dominated by some points with large magnitude only, so
we choose to normalize the difference first. The ultimate goal was to reduce the
deviation between the calculated and measured warpage slopes to its minimal

value, and the minus sign was inserted in Equation (3-6) so that the objective
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function can be fit to the algorithm set for searching maximum fitness. The
genetic algorithm (GA) was adopted as the searching tool. Two mechanical
constants, i.e., elastic modulus and coefficient of thermal expansion were then
regenerated by GA and the loop repeated until a convergence criterion was
satisfied. Use of the genetic algorithm assured convergence of the objective
function to a globally maximum value, which was the critical part of this study
as there were usually other local extreme values. A detailed description of the
solution schemes for the inverse problem can be referred to [3, 4].

Verification of this searching algorithm was performed in imitation of the
measurement for copper films on substrates. The specification used in the model
is 2.5 cm squared for 350 um-thick (100) silicon substrate and 300 um-thick
(110) silicon substrate with 3.7um-thick copper films on each top surface. Use
of the anisotropic (110) wafer aims to offer more independent relations for
determining the thin film material properties because its anisotropy resulted in
different curvatures in each orthogonal directions. A noise of S/N ratio 10 was

added to the slope of warpage under temperature change, which was calculated

using ANSYS, to cover for the measured slope distributions, ¢;" and ¢;;", in

Equation (3-6). Three mechanical parameters of thin films needed for the
stiffness matrix of the finite element models are elastic modulus, CTE, and
Poisson ratio, which are set as 96.6 Gpa, 38.8 ppm, and 0.19 respectively in this

verification. The difficulty of GA in searching out the optimal solution is raised



Chapter 3. Mechanical Properties of Sputtered Cu Film 35

with increasing number of variables. Since Poisson ratio is intrinsically less
sensitive to the deformation than the other two parameters under such
configuration, and has the clear and definite range in physics from —1 to 0.5, the
value of Poisson ratio is man-made given with the increasing interval of 0.1 in
each run with GA. With such certain noise, 9600 data points are needed to
robustly obtain the result with Equation (3-6). Such a large amount of data can
only be achieved easily with whole-field optical measurements as mentioned in
Chapter 2. Best fitness was achieved with Poisson ratio from 0.19 to 0.2, and the
optimally obtained elastic modulus is 95.1 GPa, and CTE is 39.1 ppm in average
for thin film. We set the generation number as 250. If the best fitness happened
at some generation, which is smaller than 20% away from the generation
number we set, it is considered not stably converged yet. Then we will increase
the generation number next time. With the condition in this case, the fitness
converged at the 73rd generation as shown in Figure 3.2.2. The error is less than
2% for both elastic modulus and CTE, and the range of Poisson ratio also fits to
the specified value that indicate the algorithm developed is stable and suitable
for determining the material properties of thin film under such situation. The

given and inversed parameters are all listed in Table 4.2.1.

3.3 [Experimental Procedure

From the result of the analysis method mentioned in the previous section, up
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to 9600 points of slope are needed to make the searching algorithm stabilize for
the signal with S/N ratio 10. In addition, mirror-like surfaces of silicon
substrates also make the whole-field reflection moiré the most expedient choice.

In the first step experiment, copper thin films were sputtered on 4-inch (100)
and (110) silicon substrates with three different sets of thickness, which are 2.2
um, 3.7 um and 4.5 um. The sputtering parameters were 250 standard cm’/min
Ar flow with 5kW power. The wafer thickness was measured using a
micrometer before and after sputtering. All the samples were cut into a
2.5-centimeter square area. Cross section images of the samples were also
recorded to measure the thickness of both films and substrates after all the
deformation measurements were done.

The samples were then heated on the hotplate at 150°C for 10 minutes, and
then taken out of the hotplate and placed carefully on the tripod made up of
three thermal couples. The experimental setup has been illustrated in Figure
3.3.1. During the measurement, thermal loading was applied as the samples
cooled down from an elevated temperature, and the images of deformed cross
grating were recorded by the CCD every ten seconds. The cross grating was
employed to measure the slope change of the two orthogonal directions. With
numerically phase shifting and image processing techniques presented in
Chapter 2, the history of slope change of the samples due to temperature change

was then obtained. Figure 3.3.2 shows the slopes of the curves of slope change
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vs. temperature change are not the same for the 1% and 19" day measurements.
That indicated the sample condition was not stable during the storage. The
reason should be lack of an adhesive layer for copper and silicon substrate from
the observation because most samples delaminated after long time storage.
Therefore, there is usually an adhesive and barrier layer for copper and silicon in
practical applications. In this study, thin copper films were sputtered onto silicon
substrates with titanium less than 0.1 um thick. The thickness percentage of
titanium is less than 2.7 % of the thinnest copper film, and the mechanical
properties are similar such as elastic modulus of titanium is 117 GPa, which is
close to that of copper when they are bulk. The effect of titanium on structural
deformation can be reasonably neglected. Figure 3.3.3 shows the curves of slope
change vs. temperature change remained the same even after two-month storage,
which illustrates titanium as adhesive layer provides excellent adhesion for
copper film to silicon substrates and stabilizes the specimen condition.

Since we can obtain stable and repeatable measurement data, we are finally

relieved to use them as the measured slopes, ¢;° and ¢;", in the object

function for the searching algorithm demonstrated in Section 3.2. The algorithm
was respectively operated for copper films with 2.2 um, 3.7 um and 4.5 um
thickness. Best fitness was achieved for all three thickness with Poisson ratio
from 0.35 to 0.4 using 0.1 increasing interval. For 2.2 um copper film, the

optimally obtained elastic modulus is 105.8 GPa, and CTE is 32.5 ppm. For 3.7
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um, the elastic modulus is 97.5 GPa, and CTE is 30.0 ppm. As for 4.5 um, the
elastic modulus is 92.5 GPa, and CTE is 29.9 ppm. According to the verification
test in previous section, the results obtained with the algorithm developed can be

regarded reliable in these applications.

3.4 Discussions

In the pervious section, the material properties we obtained for sputtered
copper film didn’t conform to that of copper in bulk, which is 110~126 GPa for
elastic modulus and 16.6~17.6 ppm for CTE. Table 3.4.1 lists of material
properties of copper as thin film and in bulk. For all these three copper film with
different thickness, elastic moduli are less than that in bulk, but increase
monotonically with decreasing thickness. However, CTE are larger than that in
bulk, and decrease monotonically with decreasing thickness.

The related results of copper thin films in literatures are summarized in Table
3.4.2. We can see that the records of CTE are extremely limited so that the
systematic comparison of CTE is not available. Most literatures focused on the
measurement of elastic modulus, which, according to records listed in Table
3.4.2, varies with deposition methods and thickness. Most elastic moduli are
close to 100Gpa except for Read’s 7.32 um electrodeposited film [5] and Koh’s
4 um nanocrystalline film [6]. Read imputed the deficient elastic modulus of

electrodeposited copper film to defects in the microstructure such as porosity,
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while nanocrystalline (nc) metals have been recognized as possessing some
appealing mechanical properties with progress in the processing of materials,
such as ultra-high yield and fracture strengths, decreased elongation and
toughness. Koh et al. [6] employed nanoindentation techniques to characterize
elastic modulus normal to the interface, which has high-modulus textures
oriented, and increase the elastic modulus up to 138.7 Gpa. For the samples
using sputtering deposition of relatively similar order of thickness, such as 2.2
um in this study, 0.99 um of Read, and 1.6 um of Ho et al., the corresponding
elastic moduli are consistent with one another.

In order to interpret the feature of material properties of copper films
obtained in this study, further investigation proceeded. The crystallographic
texture of the copper films was determined by means of X-ray diffraction (XRD),
and the grain structure was observed by scanning electron microscopy (SEM).
The proportional intensity distribution of X-ray diffraction (XRD) for bulk
copper in database and sputtered copper films with different thickness is shown
in Figure 3.4.1 where the intensity distributions of sputtered copper thin films in
this study differ from that in bulk. Stronger <111>-texture component is
presented in all films, and the thinnest film has the strongest component. The

values of each component are also listed in Table 3.4.3.

Grain Growth and Texture Evolution

The mechanical properties of polycrystalline thin films strongly depend on
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grain size, grain orientation, and grain boundaries. Grain growth during film
formation and annealing would dominantly define these microstructural
characteristics, and in turn, the mechanical properties of films. Grain growth can
be regard as a relief mechanism to lower the total energy accumulated in the
film [8, 9].

The strain energy density in a grain under plane-stress conditions is given by

F,=(M,,)e* (3-7)

where M,,, is the biaxial modulus. For cubic materials, there are three
independent constants in elastic stiffness matrix related to the original
crystallographic orientation. For copper, they are C;=168.4 GPa, C,;=121.4
GPa, and C4=75.4 GPa [7]. After the transformation with a rotation matrix,
which has be described in Section 3.1 for another cubic materials, silicon,
theoretical M,,, can be determined as a function of the grain surface normal
(hkl) and the stiffness constants. Murikami and Chaudhari simplified the

transforming process to a formula as [8]

>
M, =C,+C,+K~— 2(512% (3-8a)
where
K =(2C,, —C,, +Cp, \WPk* + k1> + 1*1?) (3-8b)
and

W+ +07 =1 (3-8¢)
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As texture evolves during grain growth, the average biaxial moduli will change.
Grain growth can be driven by the change in strain energy density, and
particularly favors the growth of grains with low M,,, orientation, i.e. grains
with <100> texture for copper. For all f.c.c. metals, M, has a maximum for
<l11>-texture grains and a minimum value for <100>-texture grains. The
theoretical M,,, of textures with higher fraction for copper films in this study
are also listed Table 3.4.3.

Driving forces for grain growth with specific grain orientation can arise from

several sources. For a film on a substrate, the thin film has top surface that has

an excessive free energy per unit area y,, and the bottom interface will have an
excessive energy per unit area y,. For f.c.c. metals on amorphous substrates
(e.g. oxidized silicon), both y, and y, are minimized for grain with <111>
texture. That means growth of <111>-texture grain is usually favored over
growth of grains with other orientations. Because the energy change related to
grain-growth-induced reduction in the average surface and interface energy of a
film is proportional to the reciprocal of 4, and is the energy per volume, its
relative contribution to the total energy change with grain growth is higher for
thinner film.

However, elastic strain energy minimization does not result in the same
texture as surface and interface energy minimization. They compete in defining

the final texture resulting from grain growth. For f.c.c. metals on amorphous
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substrates, <100> textures are expected when strain energy minimization
dominates, or otherwise <111> textures are expected when surface and interface
energy minimization dominates. According to this, a “texture map” was

predicted as illustrated in Figure 3.4.2, where the transition from <I11> to

<100> texture as a function of the film thickness #and AT =T,, -T,,

with T e

being the temperature at which grain growth occurs and T, being the

deposition temperature [10]. Atlow AT and A, surface- and interface- energy
minimizing texture are favored. At high AT and 4, strain-energy-minimizing
texture are favored. In this study, the temperature we applied as thermal loading
during measurement is 150°C which resulted in pretty small A7 in Figure
3.4.2 and had the grain growth of the films locate in the surface/interface energy
minimizing region even though the thickest film is 4.5 um in thickness. In
addition, according to the results obtained from XRD in Table 3.4.3 and Figure
3.4.1, that the strongest <I11>-texture component happened in the thinnest film
also consists with that the effects of surface and interface energy minimization

on grain growth and texture evolution are strongest in thinner films.

Microstructural Texture Effect on Elastic Moduli of Copper Films

The polycrystalline-average value of elastic modulus for copper is 110~126
Gpa. The value averages the different values in the high-symmetry crystal

directions: 66.6 Gpa along <100>, 130.3 Gpa along <110>, and 191.1 Gpa along
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<111> [5, 7]. Films are often textured that means the grains tend to have specific
crystallographic planes parallel to the plane of the films. The illustration of
structure of copper films in this study is shown in Figure 3.4.3. X-ray studies
show the present sputtered copper films to have an extremely excess population
of grains with their <111> direction perpendicular to the substrates. Also, in f.c.c.
crystal symmetry, all directions perpendicular to <111> have the same elastic
constant as occurs along the <110> direction, which is 130.3 Gpa [5]. Therefore,
texture would not be the proper explanation of the deficient elastic moduli for
the present sputtered copper films; however, it can reveal that the thinnest film,
which is 2.2 um thick and extremely favorable for <111> texture, has larger
in-plane elastic modulus than the other two films do. Sputter deposition usually
leads to greater defect nucleation and damage at the deposition surface because
of the high energy of the atoms; also, sputter-deposition films generally contain
a higher concentration of impurity atoms than do films deposited by evaporation
and are prone to contamination by the sputtering gas [11]. The cause of the
deficient values has not been resolved, but porosity or some similar

microstructural defect is suspected [5, 12].

CTE of Copper Films

The thermal expansion is isotropic for a single crystal with cubic lattice
symmetry. Therefore, the explanation for elastic modulus using texture

orientation is not suitable for CTE. The record of CTE for copper film obtained
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is from Ho et al so far [12], but the value is similar to that of bulk copper and
much smaller than that obtained in this study, which might originate from
different thickness, deposition process, annealing history, and etc. Almost all the
metallic films reported in literatures have CTE higher than those of their
crystalline counterpart, such as Ag is 33 ppm and Al is 32 ppm [13] that is
consistent with the trend of copper films in this study. There must be some other
contributions to the increasing of CTE of copper films. A possible one could be
crystalline size of the films, such as the CTE tends to increase when the grain
size decreases for Pd based on the viewpoint of thermophysical properties of
materials [14, 15]. In this study, the grain size of the sputtered copper films,
observed using SEM after it was heated on the hotplate at 150°C for 0.5hrs for
deformation measurement and then etched using an H,;SO4 solution. The
cross-section micrograph of 2.2 um thick copper is presented in Figure 3.4.4,
which belongs to type (a) in Figure 3.4.5 and shows that after heated at 150°C
for 0.5hrs, the grain did not yet reach the stable microstructure consisting of
columnar grains with sizes on the order of the film thickness such as type (¢) in
Figure 3.4.5 [8]. Figure 3.4.5 shows schematic cross-sectional views of possible
grain structures of thin films with different deposition and annealing conditions
by Thompson et al [8]. Plan view SEM micrographs are presented in Figure
3.4.6 (a), (b), and (c) for the 2.2 um, 3.7 um, and 4.5 um thick copper,

respectively. The grain sizes increase to ~250 um, ~ 550 um, and ~800 um from
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the thinnest film to the thickest. The CTEs obtained in this study conform to the
trend that CTE increases when the grain size decreases such as Pd mentioned
above. On the other hand, Klam et al [16] measured the thermal expansion of
grain boundaries in copper by comparing the thermal expansion of copper
polycrystals (same chemical composition) with small (17 um) and large (19 mm)
grain sizes. From their measurements, the coefficient of thermal expansion of a
grain boundary in copper was deduced to be 40 to 80 ppm/K, which is about 2.5
to 5 times the expansion coefficient of a copper crystal. Since the thermal
expansion of a grain boundary in copper differs from the thermal expansion of a
copper single crystal, the thermal expansion of a coarse-grained and fine-grained
polycrystal is expected to be different. Therefore, it can explain that the CTE
obtained of the present sputtered copper films are larger than that of copper in
bulk because bulk copper usually has grain sizes from tens of micrometers to
millimeters. Also, it can explain the thinnest film, usually having the smallest
grain, will have largest CTE because of the relatively increasing fraction of

grain boundaries.
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Table 3.1.1.  Theoretical and measured elastic moduli, and the corresponding

deviation for (100) and (110) wafers.

{(100) wfer: 255 um thick Linit: GPa

Orientation (1) <110=J(2) =-110=)(3) <100=
['heoretical | |68.9 168.9 1 30.0
Measured E 140.7 1405 103.6
Ditterence (%u) -16.7 -16.8 -20.3

(100) wfer: 350 um thick Lnit: GPa

Orientation | (1) =110= J(2) =-110=(3) =100=
Theoretical E 16R.9 168.9 130.0

Measured E 151.3 148.6 1 14.6
Difterence (%) -10.4 -12.0 -11.8

(100) wfer: 525 um thick Unit: GPa

Orientation | (1) =110=1(2) =-110=](3) <100
I'heoretical & 168.9 168.9 130.0

Measured I 156.5 160.0 1 18.0
DilTerence (%) -7.3 -3.3 -9.2

(110) wafer: 306 um thick Unit: GPa

Orientaion (1) <1-12=1(2) =-111= (3) (4)
Theoretical E 169.0 187.7 133. WA
Measured I 157.9 170,1 119.7 152.5
Difference (%) -6.6 94 -10.3 -11.2
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Table 3.2.1.  List of given and inversed elastic modulus and CTE, and the
corresponding errors of thin film for verification.
E (Gpa) | CTE (ppm)
Given 96.6 38.8
Inversed 93.1 39.1
Error % -1.6 0.8
Table 3.4.1.  List of material properties of copper as thin film and in bulk.
FILM
THICKNESS 22 UM 3.7UM 4.5 UM BULK
(UM)
: 105.8 97.5 22.3 110-126
(GPa)
Cib 32.5 30.0 299 16.6-17.6
(ppm/C)
Poisson Ration*| 0.35~0.4* 0.35~0.4* 0.35~0.4* | 0.33-0.36
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Table 3.4.2.  Summary of material properties of copper films in literatures.

Sample Ihickness Measurement I CTE Poisson ratio
Researcher : . ; :
Description (m) lechniques (Lipa) (ppm/C)
22 105.8 32.5
T'his study Sputtered 37 Reflection Moiré, GA 97.5 30.0 (0.35-0.4
4.5 92.5 29.9
1.72 1093
Li-beam evaporated - ==
i 5 173 98.8
Read” Speckle Interferometry
Sputtered .99 ’ 109.6
Electrodeposited 132 660
[.choczky'? Vapor-deposited 1.0 lensile Test 1042
& [E-beam deposited . .
Spacpen 3 lensile Test 102.0
Free-standing
Hoetal”? Sputtered 1.6 Curvature 104.2 17.7 (0,332
Koh et al® nanocrystalline 4 Nanoindentation 138.7

Table 3.4.3.  Intensity fraction of microstructures of copper films with

different thickness.

FILM FIBER ORIENTATION <l11> <110> <100>

THICKNESS Modulus M
. 191.1 130.3 60.6

(UM) (Gpa)
(100) 2.2 um Intensity fraction (%) 99.5 -- 0.5
(100) 3.7 um Intensity fraction (%) 94.7 0.7 4.5
(100) 4.5 um Intensity fraction (%) 95.2 0.6 4.2

Bulk Intensity fraction (%) 60.2 12.0 277
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Figure 3.1.1. The coordinate system of the unit cell of the crystal.
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Figure 3.1.2. Orientation of specimens on wafers.
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Figure 3.1.4.  Strain vs. X of the silicon substrate calculated from Euler Beam

equation and FEM using ANSYS.
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Figure 3.1.5.  Theoretical elastic moduli vs. orientation on (110) silicon wafer.
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Figure 3.2.1.  Slopes of a layered structure using element Shell99 and element

Solid73.
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Figure 3.3.1.  Schematic diagram of the experimental setup of reflection
moiré for slope change measurement of film-on- substrate

samples.
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Figure 3.3.2.  Slope change of 4.5 um sputtered copper film vs. temperature

after 2 months.
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Figure 3.4.1.  Intensity vs. orientation of copper films with different thickness

determined by means of XRD.



Chapter 3. Mechanical Properties of Sputtered Cu Film

58

BOO | \ :
|
550 - ! :
\ Strain Energy
_ \ Density Minimizing
R \, Texture i
\
AT (C) 450 ¢
400 | . )
Surface/Interface S
Energy Minimizing e
350 |- Texture \\
o
300 |
0 1000 2000 3000 4000 500C
Thickness(A)

Figure 3.4.2. A texture map resulting from grain growth at temperature T,

in films of thickness / deposited at T, . The thermal strain

scales with AT =T, -T,, [9]
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<«— barrier
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Figure 3.4.3.  The illustration of structure of sputtered copper films used in

this study.
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Figure 3.4.4.  Cross section view of 2.2 um thick copper film after heated at

150°C for 0.5 hrs.
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Figure 3.4.5.  Schematic cross-sectional views of possible grain structures of

thin films [8].
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Figure 3.4.6(a)  Plan-view SEM micrograph of 2.2um thick copper after

heated at 150°C for 0.5 hrs.
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AccV Spot Magn Det WD 1 1pm
150kv 3.7 20000x SE 115

Figure 3.4.6(b)  Plan-view SEM micrograph of 3.7um thick copper after

heated at 150°C for 0.5 hrs.

AccV Spot Magn Det WD ——— 2pum
150kv 35 10000x SE 104

Figure 3.4.6(c)  Plan-view SEM micrograph of 4.5um thick copper after

heated at 150°C for 0.5 hrs.
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Chapter 4

Conclusion and Future Research

In this study, methods for determining elastic moduli and coefficients of
thermal expansion (CTE) of sputtered copper films are presented. In addition,
two moiré techniques, namely reflection moir¢ and shadow moiré, were
developed to measure the deformation of the laminate composite structures
subjected to thermal loading. As for analysis methods, the genetic search
algorithm with FEM using ANSYS was then used to inversely obtain the elastic
modulus and CTE of thin films. In this chapter, the conclusions of each topic are
narrated respectively, which include the optical measurement and sputtered

copper thin films.

4.1 Conclusion

4.1.1 Optical Measurement
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1. Feature of Reflection Moiré and Shadow Moiré

Shadow moiré measures the out-of-plane displacement, and is suitable for
matt surfaces. For general application, it has to use the grating pitch finer than
100 um to reach the resolution of 10 um. Reflection moiré is for the partial
derivative (slope) of the out-of-plane displacement, in the principal direction of
the grating. Reflection moiré deals with reflective and mirror-like surfaces,
which are not accept for general displacement generating methods, such as
shadow moiré and holography. Reflection moiré can bear relatively coarse
grating pitch, such as 400 um, to equivalently obtain the resolution of 0.2 um for
warpage, which also efficiently lowered the cost of grating fabrication. However,
reflection moiré can’t stand too large initial deformation because it has much
less flexible depth of field (DOF) than shadow moiré. Therefore, it needs good
judgment in deciding the appropriate measurement method for specific
specimen condition.

2. Resolution

With p=400 um and L=0.69 m in our application, the original resolution of
reflection moiré is 2.9x10™* rad/fringe. The resolution can be enhanced to the
order of 107 rad/pixel, equivalently to 0.2 um for warpage in a 2.5-centimeter
square area, with phase measurement techniques, which is also adopted for
shadow moiré to reach 10~100 times resolution of the original fringe.

3. Phase Measurement with Artificial Grating
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The techniques developed for reflection moiré to quantify fringe patterns and
to improve the resolution include phase stepping, phase unwrapping and image
processing. To extract the phase from the intensity distribution, phase shifting
was needed, which was accomplished by numerically shifting a computer
generated grating instead of using an optically shifting mechanism. That also
solved the problems of critical precision needed for shifting mechanism. Any
step length can be achieved with numerical shifting, and Carré four-step formula
with 7 /2 shifted is chosen, which is more stable and can cancel out nonlinear
terms automatically. This artificial cross grating also overcome the problems of
implementing shifting under temperature change or variation, and to preserve

the improved resolution and the two orthogonal slopes at the same time.

4.1.2  Copper Thin Films

1. Elastic Moduli of Silicon Substrates

Film-on-substrate structure is adopted to study the mechanical properties of
thin films. With proper strain gage locations, the in-plane elastic moduli of (100)
silicon substrates could be successfully obtained with general Euler beam
equation, which were E<jgp>= 103.6 GPa, E<,0-=140.7 GPa, E<_1;0-= 140.5 Gpa
for the 255-um thick wafer. The measurement agreed to the trend of theoretical
values in each orientation. The results of <110> and <-110> directions only had

0.2% difference, and the percentage of difference for each specimen cut from
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the same wafer was consistent to each other. The average difference increased
from 7.2 % to 17.9 % with the thickness decreasing from 525 um to 255 um.
The effect of defects became more obvious in thinner thickness of silicon wafer,
and made the elastic moduli smaller than the theoretical values. On the other
hand, the in-plane elastic moduli of (110) wafer were determined to be E<;;>=
170.1 GPa, E<.12>=157.9 Gpa, which were also smaller but close to the
theoretical values with the consistent percentage. Therefore, before further study
of thin-films, the actual mechanical properties of silicon substrates should be
cautiously investigated first instead of applying theoretical values directly,
especially when thinner wafers are employed.

2. Searching Algorithm

A method is developed to obtain the mechanical properties of thin films. That
is the genetic searching algorithm (GA) with convolution relationship provided
by finite element methods using ANSYS. GA is superior to traditional
optimization method in our application because it can avoid convergence to a
local extreme value. In addition, FEM makes the convolution relationship
available even when the structure is complicated.

3. Analysis Method

Both (100) and (110) silicon substrate are needed for characterization of
certain thick thin films. Additional use of anisotropic (110) wafer aims to offer

more independent relations for determining the thin film material properties
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since it could provide different curvatures in each orthogonal direction. In this
way, elastic modulus and CTE of thin films can be obtained. Though Poisson
ration is less sensitive to the deformation under such configuration, this method
still makes it a referable range because of the anisotropy of the substrate.
Furthermore, a large amount of data points such as 9600 points from whole-field
slopes of two orthogonal directions make the algorithm more robust and
immune to noise up to S/N ratio 10.

4. Elastic Moduli of Copper Films

Titanium as adhesive layer provides excellent adhesion for copper film to
silicon substrates and stabilizes the specimen condition. For 2.2 um copper film,
the optimally obtained elastic modulus is 105.8 GPa, 97.5 GPa for 3.7 um, and
92.5 GPa for 4.5. Elastic moduli are less than that in bulk, but increase
monotonically with decreasing thickness. The cause of the deficient values,
which are consistent to the literatures, has not been resolved, but porosity or
some similar microstructural defect is suspected. All sputtered copper films in
this study have excessive fraction of <111>-texture grains. Texture can reveal
that the thinnest film, which is 2.2 um thick and is extremely favorable for
<111> texture, has larger in-plane elastic modulus than the other two films do.
The results from X-ray diffraction for 3.7 um and 4.5 um are about the same but
diverse to that for 2.2 um. The mechanical properties obtained correspond to the

trend of X-ray results. The elastic moduli and CTEs of 3.7 um and 4.5 um thick
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films are similar.

5. CTE of Copper Films

For 2.2 um copper film, the optimally obtained CTE is 32.5 ppm, 30.0 ppm
for 3.7 um, and 29.9 ppm for 4.5 um. CTEs are larger than that in bulk, and
decrease monotonically with decreasing thickness. The records of CTE in
literatures are extremely limited, so the systematic comparison of CTE is not
available. Texture orientation is not suitable for the explanation of CTE trend
since thermal expansion is isotropic for a single crystal with cubic lattice
symmetry. A possible contribution could be crystalline size of the films, such as
the CTE tends to increase when the grain size decreases for Pd based on the
viewpoint of thermophysical properties of materials. On the other hand, Klam et
al measured the coefficient of thermal expansion of a grain boundary in copper,
which was 40 to 80 ppm/K, about 2.5 to 5 times the expansion coefficient of a
copper crystal. Therefore, it can explain that the CTE obtained are larger for
thinner films since they have more relatively rising fraction of grain boundaries.

Therefore, when materials are formed of thin-film order, it is not proper to
neglect the discrepancy in material properties of thin films and bulks. Though
the origins of the difference are too complicated to analyze one by one, we can

still find some clues from the observation mentioned in this study.



