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Abstract

Wafer bonding is a process by which two or more mirror-polished flat surfaces are
joined together. This process is increasingly used in microelectronics and microsys-
tems industries as a key fabrication technique for various applications: production
of SOI wafers, pressure sensors, accelerometers and all sorts of advanced MEMS.
Unfortunately, the lack of reliability of these systems does not allow them to en-
ter the production market. This lack of reliability is often related to the lack of
understanding and control of the thermo-mechanical properties of materials used
for the fabrication of MEMS (indeed, at this small scale, properties of materials
are sometimes quite different than at large scale) but it is also due to the limited
knowledge of the different phenomena occurring during the working of these de-
vices, the most detrimental of them being fracture. Among all of these fracture
processes, the integrity of the interfaces and, particularly, the interfaces created by
wafer bonding is a generic problem with significant technological relevance.

In order to understand the bonding behavior of silicon wafers, the interface chem-
istry occurring during the different steps of the bonding process has been detailed.
The formation of strong covalent bonds across the two surfaces is responsible of
the high fracture resistance of “wafer bonding” interfaces after appropriate surface
treatments and annealing. The bonding process (surface treatments and annealing
step) has been optimized toward reaching the best combination of interface tough-
ness and bonding uniformity.

The fracture resistance of “wafer bonding” interfaces or interface toughness has
been determined using a steady-state method developed in the framework of this
thesis.

The high sensitivity to geometrical and environmental factors of “wafer bonding”



interfaces has been quantified and related to the interface chemistry.

A new technique involving the insertion of a dissipative ductile interlayer between
the silicon substrate and the top silicon oxide has been proposed in order to increase
the overall fracture resistance. A multiscale modeling strategy which involves the
description of the interface fracture at the atomic scale, of the plasticity in the thin
interlayer at the microscopic scale, and of the macroscopic structure of specimen
has been used to guide the optimization of this technique. Numerical simulations
have shown the influence of the ductile interlayer parameters (yield strength, work-
hardening exponent and thickness) and the critical strength of the interface on the
overall toughness of such assemblies.

A first set of experimental data has allowed increasing the interface toughness by
70%.

The critical strength of the interface is finally determined by inverse identification
and turns out to be in the expected range of theoretical strength.

The knowledge of the strength and the fracture toughness of “wafer bonding” in-
terfaces is of practical importance because these two values can be used in a simple
fracture model (e.g. cohesive-zone model) in order to observe the behavior of such

interfaces under complex loading using finite element simulations.
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CHAPTER 1

Introduction

Molecular bonding is a process by which two mirror-polished wafers adhere to each
other at room temperature without the application of any macroscopic gluing layer
[1]. Silicon wafer bonding is the main application of molecular bonding in modern
technology, specifically in microelectronics and microsystems technology. Although
wafer bonding is extensively used nowadays, the basic phenomenon has been known
and used for many centuries. The history of present-day wafer bonding has been

very well reviewed in Refs. [2, 3] and is summarized in the next section.

Molecular bonding history

Around 1230-1240, the Franciscan friar Bartholomaeus Anglicus, one of the me-
dieval encyclopaedists digesting and compiling other sources, stressed the impor-
tance of cleanliness when joining silver and gold [4] : ”When a plate of gold is to be
merged with or joined to a plate of silver, one needs to keep in mind three things:
dust, air and moisture. If any dust, air or moisture comes between the two plates,
they cannot be joined together, the one to the other. Therefore it is necessary to
join these two metals together in a completely clean and still place. And when they
are joined together in such a manner, they become so inseparable that they cannot

later be taken apart.”

Around 1630, Galilei argued that two completely plane, smooth and polished plates
of marble, metal or glass, one placed on top of the other would adhere to each other
if one tries to lift the upper whereas two plates with rough surfaces would not [5].

In 18" century, Desagulier showed that two spheres of lead, when pressed together,
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strongly adhere to each other [6]. In that case, plastic deformation allows the two
bodies to be in intimate contact and thus to enable strong metallic bonding. This
type of bonding called cold welding is not a desirable option for brittle materials.
However, the observation, reported by Desagulier in 1734, that friction between
sliding surfaces decreased with decreasing surface roughness until the surfaces be-
came so smoothly polished that the adhesion between two bodies dramatically
increased the friction [7], indicated that a better polishing technology would make
brittle materials also bondable.

In the last century, the phenomenon that optically polished bulk pieces of metals
used for precision length measurements stick to each other was observed by Ger-
man craftsmen. The analogous phenomenon was also found for optically polished
glass such as precision prisms.

In 1930, Obreimoff [8] started his report on the surface energy of mica with a refer-
ence to glass brought in optical contact, stated that the analogue can be observed

when two freshly split foils of mica are brought in contact.

In 1936, Lord Rayleigh [9] reported probably the first thorough scientific study of
room temperature adherence between glass slides. He found that the interaction
energy per unit area was on the order of 100 mJ/m?.

For a long time, this adhesion phenomenon did not have any noticeable technologi-
cal impact except in the well-known traditional area of optics and for some isolated
specific applications : He-Ne gas lasers were fabricated with mirrors bonded to the
body of fused silica [2], direct bonding was utilized as a tool for the transfer of

epitaxial layer used for the fabrication of transmission photocathode [10].

Technological relevance:
On the use of wafer bonding in microelectronics

and microsystems

In spite of long history of the direct bonding observations, the modern development
of science and technology has only been stirred by reports on silicon-silicon wafer
bonding in the mid-eighties [11, 12, 13]. These reports concern the use of wafer
bonding as substitute process for the growth of thick epitaxial layers of single-
crystalline silicon on silicon for potential application in power devices and use of



wafer bonding for the preparation of Silicon-On-Insulator (SOI) structures. These
two important processes are illustrated in Figure 1.1.

]igh tly doped Si _ Si device wafer
heavily doped Si lBonding d amesalliagrldle wafer
lbonding and annealing

S e
e ——|

Substrate etching and remove etch
stop layer

lthirming

R R R Y

A

. [l[7remmal oxide

Si substrate

(a) Epitaxial replacement (b) SOI formation

Figure 1.1 : Schematic of bonded and thinned silicon wafers (a) for replacement of an
epitazial layer and (b) for Silicon-On-Insulator (SOI) structure.

Parallel to the electronics-related work, wafer bonding has been also used to pro-
duce micro-electromechanical systems (MEMS). The primary goal of a MEMS is
to integrate onto the same wafer the active parts of the system (actuators, sensors,
...) and the associated electronics, hence reducing the size and the cost of these
systems. Pressure sensors are one type of MEMS using silicon wafer bonding as a
step of their fabrication process, as sketched in Figure 1.2.



4 Chapter 1 : Introduction

Cavity formation

Thinning and
‘ (100) Si wafer #1 ‘ formation of piezoresistor
(100) Si wafer #2 — (100) Si wafer #2
Bonding l
Back side etching
(100) Si wafer #1 —_—

(100) Siwafer #2 J 1

Figure 1.2 : Schematic of the fabrication steps of a pressure sensor involving wafer
bonding.

Nowadays, wafer bonding is used for fabricating more and more complex structures
by bonding several plain or patterned wafers. Multi-wafers bonding allows the
fabrication of 3D structures like the miniature high pressure bipropellant rocket
engine shown in Figure 1.3 [14].

(a) The six dies from the respective silicon (c) Packaging microrocket die showing the
waters that make up a microrocket stack. 11-Ushaped stainless steel tubes that connect the
silicon chip to manifold

Figure 1.3 : Fabrication of a high pressure bipropellant rocket engine (from [14]).



Moreover, wafer bonding is also used in a many other domains like high-voltage and
high power devices, micromechanics (pressure sensors, accelerometers, microvalve,

...), optoelectronics, packaging, ...

These many examples show that wafer bonding is becoming a prominent technique
in microfabrication process of microsystems.

Importance of reliability of interfaces in MEMS

A 2000 to 2005 years market analysis of microsystems made by the Network of
Excellence in Multifunctional Microsystems (NEXUS) task force [15, 16] shows that
the Microsytem Technologies (MST) market is forecast to rise by 20% annually as
shown in Figure 1.4.

Figure 1.4 : Evolution of the market size for MST products (from [15]).

The graph shows that the total world market for microsystems was expected to
grow from $ 30 billion in 2000 to $ 68 billion by 2005. Prediction forecast tends to
show that the market will grow to $ 200 billion by 2010 [17].

Unfortunately, most MEMS fail to enter the production market due to the lack
of mechanical reliability. Indeed, in the particular field of MEMS, parts of the
structures undergo various kind of loading such as thermal stress, friction, impact,
fatigue, ... and fracture of the moving parts often takes place during the process or
in the early stages of service. This lack of reliability is often related to the lack of
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understanding and control of the thermo-mechanical properties of materials used
for the fabrication of MEMS (indeed, at this small scale, properties of materials
are sometimes quite different than at large scale) but it is also due to the limited
knowledge of the different phenomena occurring during the working of these de-

vices, the most detrimental of these phenomena being fracture.

Fracture processes occurring in MEMS, as shown in Figure 1.5, can originate from
sources such as bad handling, creep, fatigue, wear, environmental attack, ... and
can occur in different parts of the MEMS (fracture of thin films due to internal or
external stress, fracture of beam anchor point, delamination of thin films due to

environmental attack, ...).

Figure 1.5 : Example of fracture in MEMS (from [18]).

Among all of these fracture processes, the integrity of the interfaces and, particu-
larly, the interfaces created by wafer bonding is a generic problem with significant
technological relevance.



Object and outline of the thesis

The goal of this thesis is to contribute to a better understanding and control of the
fracture resistance of the “wafer bonding” interfaces in order to guide the bonding
process and to assess the integrity of the structures.

The focus will be on :

1. the development of a robust experimental method to test interface fracture

resistance,
2. the optimization of the bonding process,

3. the development of a better understanding of the chemical, physical and
mechanical factors affecting the interface toughness,

4. the development of a method to improve the interface fracture toughness of

the bonding by the insertion of a ductile interlayer near the interface,

5. the use of modeling and simulation tools to quantify this improvement of
interface fracture toughness.

In order to achieve these objectives, interface fracture mechanics was intensively
used in conjunction with microfabrication techniques. In the second chapter of
the thesis, materials and microfabrication techniques are presented. A brief review
of the mechanical properties of the materials and their fabrication processes are
shown in the first part of this chapter. The second part of this chapter deals with
the chemistry of the bonding process that is essential to understand and explain
the different fracture behaviors of "wafer bonding” interfaces.

At the center of our methodology lies the theory of interface fracture mechanics
which will support both the testing and modeling. So, the first section of the third
chapter will provide a short overview of that theory. The next section of this chapter
deals with the mechanical test procedure developed to measure fracture resistance
properties of interfaces created by the wafer bonding process. Particularly, the
wedge test and the tensile test are presented and detailed. Two different versions
of the wedge test were setup, depending on the method used to evaluate crack
length.

The fourth chapter is devoted to the optimization of the wafer bonding process.
In this chapter, the experimental conditions used to obtain the best interfaces are
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established.

In the fifth chapter, the influence of external parameters (environment, geometry,

...) on the bonding resistance are presented.

Finally, in Chapter 6, the influence of a ductile interlayer inserted near the interface

is studied owing to coupling experimental results with simulation tools.



CHAPTER, 2

Materials and microfabrication
techniques

Wafer bonding generally refers to the direct bonding of two silicon wafers, even
though other type of materials are currently assembled in the microelectronic in-
dustry (glass on silicon, GaAs, ...). The first part of this chapter is dedicated to
the presentation of the different materials addressed in this thesis. The fabrication
processes and mechanical properties are detailed in a first section. The different
steps of the samples fabrication are reviewed in the second section of this chapter.
For each step of the bonding process, the chemical reactions occurring between two

silicon wafers and responsible for the bonding are described.

2.1 Materials

2.1.1 The silicon substrate

Solid state electronics began in 1947 as an applied research project at what was
the Bell laboratories [19]. The assignment was to develop a solid state device to
replace traditional vacuum tubes as switching and amplifying devices. The material
selected for this study project, polycrystalline germanium, was chosen based on its
position in the periodic table, specifically its electron configuration. In addition
to germanium, another element in the same group IV family, silicon, was also
under investigation as a potential material for semiconducting devices. By the
early 1950’s, the success achieved with single-crystal silicon had allowed it to win
out over germanium as the material of choice, for several reasons. Its bandgap, the
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electron energy level separation between a conducting state and a non-conducting
state is larger than the bandgap of germanium, making feasible to operate devices
at a higher temperature. Oxidation of silicon produces a water-insoluble oxide
that is suitable as both an impermeable diffusion mask and a high-quality insulator
material between conducting layers; germanium oxide, on the other hand, is water-
soluble. Finally, sources of high-purity silicon are readily available: the starting
material for semiconductor-grade silicon is beach sand.

Fabrication of single-crystal silicon : from sand to silicon

Silicon used for microelectronics manufacturing comes from quartz. To achieve
electronically acceptable grades of silicon, quartz undergoes a series of purification
processes. Mineral quartz is first reacted with carbon, obtained from coke or coal,
to make metallurgical grade silicon:

Si0y + 20 "2 Si 4+ 200 (2.1)

A small portion of this metallurgical silicon is further purified by reaction with
hydrochloric acid, yielding a mixture of chlorosilanes:

approx 1250°C

Si+ zHCU ™23 Sif, _,Cl, + Hy (2.2)

Trichlorosilane is separated from this mixture and is reduced with hydrogen to
form ultrapure silicon:

SiHCly + Hy "% Si + 3HCI (2.3)

Silicon produced with this sequence of reactions has only trace impurities, typically
below the parts per trillion range, and it becomes the source material for growing
single-crystal silicon (by using either Czochralski (CZ) process or the float zone
(FZ) process).

Czochralski silicon is manufactured by melting the silicon (produced according to
Eq. (2.3)) in a resistant or radio frequency heated quartz crucible. A seed of desired
crystallographic orientation ((100) or (111)) is dipped into the molten silicon and
slowly withdrawn with a rotational motion as sketched in Figure 2.1.
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Figure 2.1 : Liquid Encapsulated Czochrazski crystal pulling chamber.

The float zone (FZ) process is another method for growing single-crystal silicon.

This process is presented in Figure 2.2.

—

l' Upper triple

point

- Molten zone
l \_/'\Lower
triple

Crystal point

Figure 2.2 : The float zone layout for the needle-eye technique.
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It involves the passing of a molten zone through a polysilicon rod that approxi-
mately has the same dimensions as the final ingot. The purity of an ingot produced
by the FZ process is higher than that of an ingot produced by the CZ process. As
such, devices that require ultrapure starting silicon substrates should use wafers
produced using the FZ method. However, float zone crystal growing cannot pro-
duce the large diameters capable with the CZ process and the CZ process is also
more economical and takes less time than the float zone process does. The result
of theses processes is a long rod of single crystal silicon as shown in Figure 2.3.

(a) Rods of single silicon crystal (b) Rod with slices of single silicon crystal

Figure 2.3 : Single crystal silicon rods.

At the conclusion of these processes, the single-crystal silicon rod is cooled, and
high-speed mechanical saws slice individual wafers of pure silicon from the rod.
Further mechanical and chemical processes prepare the product wafers for semi-
conductor fabrication. These include grinding, lapping, chemical etching for sur-
face impurities removal, polishing and final cleaning to achieve a wafer with exact

diameter, flatness, co-parallel front and back surfaces, and surface smoothness.

Mechanical properties of silicon

As this work focuses on the mechanics of “wafer bonding” interfaces, only the

mechanical properties of silicon will be presented.

Silicon crystallizes in the Diamond structure like diamond and germanium. This
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crystallographic structure is presented in Figure 2.4.

Figure 2.4 : Crystallographic structure of silicon

Silicon is a highly anisotropic material and its mechanical properties depend on
the crystalline orientation.
The general relationship between stress and strain is:

el
Uij == Cijklekl (24)
where Cjji; is the second order stiffness tensor, € is strain and o;; is stress.

For convenience short hand matrix notation can be used. The notation takes use
of symmetry relationship (€12 = €91, €13 = €31 and €93 = €32) between shear stress
to write €51 — €1, €2 — €, €33 — €3, €33 = €23 — €4/2, €31 = €13 — €5/2,
€91 = €12 — €6/2. With this notation, Eq. (2.4) can be rewritten as

0; = Cijﬁil (25)
with
Cn Cip Ci3 Cuy Ci5 Cig
Cor Oy Oy Oy Cas O
Cs1 Oz Csz Csy Oz Csg
Cn Cyp Ci3 Cu Cus Cue
Cs51 Cso Cs3 Css Css Csg
Cs1 Cs2 Css Cea Cos Ceg
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For cubic systems, the stiffness matrix C;; in [100]-crystal axes (i.e the axes defined
in Figure 2.4) can be reduced, taking into account for the crystalline symmetry, to

Cl 1 Cl 2 Cl 2 0 0

C’12 Cl 1 C12 0 0

C’1 2 01 2 Ol 1 0 0
0 0 0 Cyuy O
0 0 0 0 Cu O
0 0 0 0 0 Cu

o O O O

(2.7)

The relationship (2.7) allows direct calculations of the effective Young’s modulus
associated to a specific direction [hkl] from the three known elastic constants, Ciy,
C1 and Cy,.

We can write that [20]:

1 i _ S+ (2819 — 2511 + Su) (K212 +2h212 + k2h2) 28)
Eny  onw (h?+ k2 +12)
where S;; are the components of the compliance tensor and are equal to :
Ci+ Cio
S, = 2.9
H (Ci1 — Ch2) (C1y +2C19) (29)
—Chy
S0 = 2.10
= (Ci1 — Ch2) (C1y +2C1,) (2.10)
1
Sy = — 2.11
w = 211)

The values of the stiffness tensor components for silicon are respectively equal to
C11=166 GPa, C15=64 GPa and C;;=80 GPa. The Young’s modulus in the [100]
direction is thus equal to Epoq = o100]/ 6[61100]. This gives:

1 (Cll - 012)
E = — = = 130 GPa. 2.12
100 =g (C11 4+ 2C12) Ch1 + Cho (2.12)

The values of Young’s modulus to [110]- and [111]-direction are E};16=168 GPa
and Ej;11j=187 GPa respectively. The Poisson ratios can similarly be obtained as:

y _ Ci2
(100} Ci + Cho

More details about the calculation of the Young’s modulus and Poisson ratio of

= 0.28. (2.13)

anisotropic silicon can be found in [20, 21].
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The silicon wafers used in this thesis are [100] silicon wafers. Each silicon wafer
has a flat located in the circumference of the wafer. The flat of the wafer indicates
the type and the orientation of crystal. The crystallographic directions associated
with this type of silicon wafers are represented in Figure 2.5.

E=165 GPa

F' S

[010]1

E=130 GPa

»

© E=130 GPa

Figure 2.5 : (a) Crystallographic directions of the [100] silicon wafers used in this the-
sis, (b) corresponding Young’s modulus.

Unfortunately, dealing with anisotropic properties makes the interpretation of me-
chanical test much more difficult. It is thus convenient to consider silicon as an
isotropic material, at least in the plane of the wafer. In most cubic crystal, the
isotropic modulus, noted £ in the following, is usually close to the value of Ejjq
that is equal to 168 GPa for silicon [20]. A value of E=165 GPa is generally re-
ported for isotropic silicon [22]. This latest value was adopted and is then used in
the present work. The isotropic value of the Poisson ratio of silicon used in the
simulations (see Chapter 6) was arbitrarily chosen equal to 0.3.

2.1.2 The thin layers

In the framework of this thesis, two categories of thin layers have been used. The
first category consists of the two majors types of silicon oxide encountered in mi-
croelectronics i.e. thermal oxide and PECVD oxide. The second category of thin
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layers consists of aluminum thin layers. They are used to increase the global tough-
ness of the assembly as explained in more details in Chapter 6.

2.1.2.a SILICON OXIDE

In order to mimic layers that are present in MEMS; silicon wafers are often covered
with silicon oxide. The silicon oxide layer is sometimes used as an insulator barrier
in thin film device or in the MOSFET transistor as grid oxide. In our particular
case of wafer bonding process, silicon oxide can also be used to generate chemical
reactive species that favor bonding between the two silicon wafers as detailed in
the third part of this chapter.

Silicon oxide is deposited on top of the silicon wafer by chemical vapor deposition
(CVD). In a typical CVD process the substrate is exposed to one or more volatile
precursors, which react and/or decompose on the substrate surface to produce
the desired material. Frequently, volatile byproducts are also produced, which are
removed by gas flow through the reaction chamber. Two types of silicon oxide can
be made by CVD. The first type is thermal oxide and the second one is PECVD
(Plasma Enhanced Chemical Vapor Deposition) oxide. These two techniques are

presented in the two next sections.

The thermal silicon oxide

Thermal oxide is obtained by the transformation of Si in Si05 at high temperature

in presence of Oy or HyO vapor:

Si(s) + Os(g) "2 Si02(s), (2.14)
Si(s) + 2H,0(g) """ 227 5i02(s) + 2H,(g). (2.15)

Overall factors affecting wafer oxidation include temperature, pressure, availability
of the oxidizing species in proper chemical stoichiometry to insure complete oxi-
dation, and surface energy of the wafer where oxidation occurs. Reactant oxygen
atoms diffuse through just-grown S0, film to further oxidize underlying silicon
atoms. The interface between oxidized silicon and underlying unoxidized silicon
progresses down into the wafer as oxidation proceeds, 44% of the grown oxide
thickness layer taking the place of silicon substrate. More informations about the
formation of thermal oxide can be found in Ref. [23].
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Properties of thermal silicon oxide

The thermal silicon oxide used in this thesis is obtained by wet oxidation at 1000°C.
The thickness of this type of oxide depends on the oxidation time. Different thick-
ness have been used in this work and they will be systematically detailed. The
RMS roughness of this type of oxide is about 2.5 A [24]. This low roughness allows
good prebonding as explained in Section 5.2.1. The mechanical properties of ther-
mal oxide have been measured by nanoindentation (see Appendix B). The Young’s
modulus of a thermal oxide is about 80 GPa and the hardness is about 10 GPa.
As many deposited materials, thermal silicon oxide contains residual stress. The
residual stress of 400 nm thermal oxide layer is equal to about -331 MPa [25]. As in
the case of strained native oxide where the internal stresses increase the chemical
reactivity [1], the internal stresses present in the thermal oxide layer are expected
to increase the reactivity of these oxides.

The growth of thermal silicon oxide requires high temperature and this is not com-
patible with CMOS technology. Moreover, it is not possible to deposit this type of
oxide on an another substrate than silicon. In order to solve this problem, PECVD

oxide has also been investigated.

The PECVD silicon oxide

The Plasma-Enhanced CVD (PECVD) process utilizes a plasma to enhance chem-
ical reaction rates of the precursors and then allows deposition at lower tempera-
tures.

Inside a PECVD reactor, radio frequency discharges occur between two opposite
electrodes. As a result of plasma-chemical decaying of gases, various radicals are
formed and a thin film is deposited on the substrate. The PECVD silicon oxide
deposited on top of silicon substrate is obtained by the continuous circulation of a
gas (SiH,) on top of the silicon wafers. Gases react to form a SiO; layer on the
silicon wafer. The reaction between gases can be written as

SiHy(g) + 204(g) * 22X Si0,(s) + 2H,0(g). (2.16)

Properties of the PECVD oxide

The PECVD silicon oxide used in this thesis is produced at 450°C. The thickness
of this type of oxide depends on the oxidation time and will be systematically
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mentioned. The roughness of this type of oxide is very high (about 15 A [24]) and
the prebonding step cannot occur. In order to circumvent this problem, wafers
covered by PECVD silicon oxide must be subjected to a Chemico-Mechanical Pol-
ishing (CMP) treatment. The polishing decreases the roughness down to about 3
A. This level of roughness allows proper prebonding between the two wafers. The
mechanical properties of thermal oxide have been measured by nanoindentation
(see Appendix B). The Young’s modulus is about 90 GPa and the hardness about
10 GPa. As for the thermal silicon oxide, the PECVD oxide undergoes residual
stresses which are expected to increase the reactivity of these oxides. For informa-
tion, the residual stress of 300 nm PECVD silicon oxide layer is about -395 MPa
[25].

A second type of layer is also deposited on the silicon substrate. Indeed, a thin duc-
tile layer deposited between the silicon substrate and the silicon oxide can increase
the fracture resistance of the assembly as explained in more details in Chapter 6.
The chosen ductile material was aluminum.

2.1.2.b ALUMINUM

Unlike silicon oxide, aluminum is deposited using PVD (Physical Vapor Deposition)
technique. Physical vapor deposition is a technique whereby physical process such
as evaporation, sublimation or ionic impingement on a target facilitates the transfer
of atoms from a solid or molten source onto a substrate.

Evaporation and sputtering are the two PVD techniques used at UCL to deposit
thin aluminum layers. They are presented in the two next sections.

Deposition of a thin aluminum layer by evaporation

Figure 2.6 schematically illustrates the basic features of evaporative deposition. In
this process, thermal energy is supplied to a aluminum source from which atoms are
evaporated for deposition onto a silicon substrate. Heating of the source material
can be accomplished by several methods. The simplest method is resistance heating
of wire or stripe of refractory metal to which the material to be evaporated is
attached. The evaporated atoms travel through reduced background pressure (<
1075 Pa) in the evaporation chamber and condense on the growing surface.
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Figure 2.6 : Schematic of the basic features of an evaporative deposition system.

Properties of evaporated aluminum

The thickness of aluminum layers deposited by the evaporation process can range
from 100 nm to 2 pm. The mechanical properties of this type of aluminum were
determined by nanoindentation (see Appendix B) leading to a Young’s modulus
about 80 GPa and a hardness equal to 0.3 GPa. A common simple rule allows the
determination of the yield stress from the hardness [26]:

H
oy~ = (2.17)

So, the yield stress of this aluminum is about 100 MPa and in good agreement
with values from literature [23, 24]. The roughness is about 120 A.

Deposition of a thin aluminum layer by sputtering

In sputter deposition, ions of a sputtering gas, typically argon, are accelerated at
high speed toward the target by an imposed electric field. Gaseous ions striking the
target or the source material from which the film is made dislodge surface atoms
which form the vapor in the chamber. These atoms transit through the discharge
and condense onto the substrate, thus providing film growth. Figure 2.7 schemat-
ically shows the basic elements of a sputter deposition system. Several sputtering
methods are widely used for the deposition of thin films in different applications:(i)
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Figure 2.7 : Schematic of the basic features of a DC' sputter deposition chamber.

DC sputtering, (ii) radio frequency sputtering with frequencies typically in the 5-
30 MHz range, (iii) magnetron sputtering, where a magnetic field is applied in a
superposition with a parallel or perpendicularly oriented electric field between the
substrate and the target source and (iv) bias sputtering, where either a negative
DC or RF (radio frequency) bias voltage is applied to the substrate so as to vary

the energy and flux of the incident charged species.

Properties of sputtered aluminum

The source used in the sputtering process is made of 99% of aluminum and 1%
of silicon. The thickness of aluminum layers deposited by the sputtering process
can range from 100 nm to 2 ym, depending on the exposure time. The mechanical
properties of these sputtered aluminum layers were determined by nanoindentation
(see Appendix B). The value of the hardness using the constant Young’s modulus
assumption (see Appendix B), is equal to 600 MPa leading to a yield stress (ac-
cording to Eq. (2.17)) of 200 MPa. The highest hardness and thus yield stress of
sputtered aluminum layers is due to the presence of silicon atoms in the aluminum
crystallographic network that decrease the mobility of dislocations into the alu-
minum network. The roughness of the sputtered aluminum layer is lower than the
evaporated aluminum and about 5 A.
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2.2 Bonding Process

The first step in the wafer direct bonding process is the bonding (contacting)
at room temperature. Since there is no adhesive involved in the wafer bonding
process, surface forces between the wafers determine the adhesion. Therefore, a
knowledge of surface forces and the resulting interaction between mating wafers is
necessary to understand the direct bonding process. Numerous interactions occur
between two surfaces. Depending on the environmental conditions (e.g. vacuum,
vapors, liquids), different forces can be dominating. There are mainly three types

of surface forces acting between two solids in sufficient proximity:

e van der Waals attraction forces that originate from atomic or molecular elec-
tric dipole (polarized or polarizable atoms or molecules) whose orientations

are correlated in such a way that they attract each other,

e clectrostatic Coulombic forces occurring when the surfaces become macro-

scopically charged by either adsorbing or desorbing electrons or ions,

e capillarity forces acting when two surfaces are in a vapor which can condense
on the surface of the two wafers. The narrow gap between the two wafers is
filled by a capillarity-condensed liquid, resulting in an additional capillarity
attractive force.

Figure 2.8 shows schematically these three types of interactions.

L — "
=<

oo s i B

Figure 2.8 : Schematic of three types of interactions between two solids.
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Depending on the nature of the cleaning prior bonding, the silicon surface can be
either hydrophilic or hydrophobic. Hydrophilic bonding occurs when the surface
are covered with an oxide (native or "artificial”) that reacts with water to form
silanol (S7 — OH) groups following relationship (2.18):

Si— O — Si+ HyO «— 2SiOH (2.18)

The silanol groups are the precursor of bonding between the two wafers as explained
in more details in the next section. Hydrophobic bonding occurs between wafers
that are not covered with any oxide. Room temperature bonding usually occurs due
to the presence of Si — H bonds on top of the silicon wafers. Figure 2.9 compares

hydrophilic and hydrophobic bonding as a function of annealing temperature.

Figure 2.9 : Surface energy of direct bonded wafers as a function of annealing temper-
ature for hydrophilic (HL) and hydrophobic (HB) wafers (from [1]).

In order to allow compatibility with CMOS technology used for the electronic parts
of MEMS (maximum temperature of 450°C), it appears that it is preferable to work
with hydrophilic bonding (silicon wafers covered by an oxide layer) which allows
to reach good adhesion at moderately low annealing temperatures. Consequently,
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we focused only on hydrophilic bonding.

The bonding process between two hydrophilic wafers can be divided into three
steps which will be detailed next:

e activation of the silicon oxide top layer
e contact and storage of the wafers

e annealing of the assembly

2.2.1 Cleaning of the wafers

Wafer bonding requires wafers with clean surfaces which are free of contaminants.
These contaminants can be of different types as sketched in Figure 2.10.

e.g. residual photoresist or
hydrocarbon species

Chemisorbed
LA iR ot Film of salts or crmorhec o

adsorbed molecular
l anion residues monolayers

Hydrocarbon film /

Silicon dioxide

Silicon surface

Figure 2.10 : Possible surface contamination of silicon wafers.

The removal of these contaminants is an essential step because the surface cleanli-
ness has a direct effect on both the electrical and structural properties of the bonded
interface as well as on the resulting electrical properties of the bonded materials.
The cleaning techniques employed prior to room-temperature wafer bonding must
be able to remove all contamination on the surfaces without degrading surface
smoothness. Hydrogen-peroxide based RCA wet cleans are most commonly used
in the semiconductor industry and specifically in wafer bonding. The basic cleaning

step involves two solutions:
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e RCA 1 (NH4OH2H2022HQO:11115 to 127)
e RCA 2 (HCIl:Hy09:Hy0O=1:1:6 to 1:2:8)

which are used sequentially [27]. The RCA 1 solution is used to remove particles,
organics and some metals whereas alkali and heavy metals are removed by the RCA
2 solution.

The procedure used in the clean rooms of UCL is slightly different and it gives good
results. This home-made cleaning procedure was used for most all of our samples
preparation with a few exceptions that will be clearly notified.

The wafers are first dipped in a sulfuric solution (H2S504(96%) : H2O4(30%) =5 :
2) for 10 minutes at 100°C. Next, the wafers are rinsed in two separate DI (de-
ionized) water containers for 5 minutes in each container. The wafers are dipped
again in a second sulfuric solution. The native oxide which can contain impurities
in the bulk or on the surface is then removed by dipping the wafers in fluorhydric
acid (HF 2%) for about 15 seconds. In order to recover the hydrophilicity of the
wafers, the wafers are dipped again in the second sulfuric solution. A clean “native”
oxide of a few angstroms is created. The wafers are finally rinsed and dried.

Wafers covered by thermal or PECVD oxide have been subjected to the same
cleaning sequence prior the oxidation step. After the oxidation step, the wafers
have been cleaned again following the same procedure except for the dipping in
HF which remove the silicon oxide.

Wafers covered with an aluminum thin layer and a silicon oxide thin layer (see
Chapter 6) are cleaned before aluminum deposition and after silicon oxide deposi-
tion except for the HF dipping.

This cleaning step is also used to promote the activation of the oxide top layer as

explained in the next section.

Influence of the cleaning step on the interface chemistry

If hydrogen bonding (between an hydrogen atom and a negative polarized atom, e.g,
an oxygen atom) can be achieved across two mating surfaces, a strong dipole-dipole
van der Waals attraction force will be exerted between these surfaces. Moreover
when the mating surfaces are hydrophilic and water molecules are present, the
linkage of two or three water molecules can bridge the gap between the two mating
surfaces as sketched in Figure 2.11. This long-range hydrogen bonding will ease the
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Figure 2.11 : Schematic of a linkage of three water molecules between two hydrophilic
mating surfaces to bridge the wafers at RT (from [1]).

smoothness requirements of the mating surfaces for successful room temperature
bonding.

The purpose of surface activation is thus to achieve a reactive surface with prac-
tically available flatness and smoothness for room temperature bonding. Since
hydrogen bonding is a strong form of dipole-dipole attraction, a surface suitable
for hydrogen bonding is highly desirable.

Wet chemical activation of Si0, surface

Native oxide-covered or artificially oxidized silicon surface can be activated by wet
chemical treatment based on the reaction between the silica network and H* or
OH~ groups [1]:

Si—0—Si+OH «— Si—OH+Si— 0~ (2.19)
Si— O + HyO «—— Si— OH + OH~ (2.20)

and

Si—O0—Si+H,O+H"+—2Si—OH+ H". (2.21)
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The H* and OH ™ ions determine the surface hydrophilization rate.
These two equations can be simplified as

Si— O — Si+ HyO «—— 28i — OH. (2.22)

However, this equation is valid only when the surface siloxane bonds (Si — O — S1)
are strained [1]. The native oxide formed by wet chemical cleaning has been found
to be a strained oxide with a mean (Si — O — Si7) angle of around 130°, deviat-
ing from its equilibrium value of 144° in bulk vitreous silica [1]. The bond angle
deformation significantly increases the chemical reactivity of the siloxane bond.
Therefore, the chemical reaction (2.22) readily occurs on the surface native oxide
of silicon wafers. Thermal and PECVD oxides are also strained oxide. It is thus
also expected that reaction (2.22) occurs readily on the surface of such oxides.

Two main types of silanol (Si — OH) groups can form on the surface: (a) isolated
(or free) groups and (b) hydrogen-bonded (associated or vicinal) groups (see Figure
2.12).

H H H
S‘ . surface S| i - S| 1 surface
AN ~o7 1™
oo oL o Lo

Figure 2.12 : Two types of silanol groups on silicon surface covered with silicon oxide.
(a) Isolated groups and (b) hydrogen-bonded groups (from[1]).

The latter occurs because adjacent silanol groups are close enough and are suitably
oriented toward one another that they form hydrogen bonds. The surface hydroxyl
(—OH) groups are polarized and are therefore reactive. They are the most impor-
tant sites for the surface adsorption of water via hydrogen bonding.

A third type of silanol group, geminal silanol exists. It is represented in Figure
2.13. This type of silanol groups is less reactive because of steric hindrance.
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Figure 2.13 : Geminal silanol group on silicon surface covered with silicon oxide.

Surface activation by plasma treatment

Plasma treatment can also activate the silicon surface [28]. The silicon wafers
covered with native, thermal or PECVD oxide are put in a plasma produced by low-
pressure gas electric discharges. The plasma-treated surface shows a significantly
enhanced chemical reactivity with water to form silanol groups (Si — OH) which
are the precursors of the bonding. It is believed that, in addition to cleaning the
surface, plasma induces bond defects on the surface that are most likely responsible
for the increased reactivity. Indeed, oxygen radicals generated from the Oy plasma
atmosphere can be efficient enough to break any Si — OR bonds, where R is
for hydrocarbon contamination. Oxygen radicals are also efficient enough to be
adsorbed, leading to form Si — O— dangling bonds, and then to generate Si — OH
bonds with adsorbed water. Moreover, several authors recommend to use water
dipping after plasma treatments to enhance these effects [29, 30].

2.2.2 Contacting of the wafers

At the beginning of the thesis, samples were bonded manually. The lower wafer
was placed on a special tool. This tool had three pins that cover the lower wafer.
The upper wafer was contacted manually to the lower wafer, the three pins pre-
venting the contact at the outer border of the wafers. As shown in Figure 2.14,
the contact thus starts at the center of the wafers and propagates to the surface
of the wafers when the three pins are removed. Then, the samples (made of two
wafers) are stored during a given period of time with a dead weight. This storage
step allows the reorganization of the chemical species present at the interface as
extensively studied by Tong and Goséle [1]. The storage step was not performed in
all cases. The manual contacting step did not allow a perfect alignment of the two
wafers which should match as closely as possible (it is preferable to have perfectly
aligned wafers because the fabrication of the specimens requires to cut rectangular
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Figure 2.14 : Propagation of the contact wave starting at the center of the sample and
propagating to the border (from [1]). Dark area is non-bonded and white

area s bonded.

specimens from the entire bonded wafers). In order to circumvent this problem,
the second type of samples were made using a mask aligner machine (the machine
was purchased in the course of this work). Contacting was initiated at the center
of the wafers as in the first type of samples but the alignment of the wafers was
better than when manual bonding was performed.
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Influence of the contacting step on the interface chemistry

As shown in Figure 2.11, the bonding between the two wafers is due to the reac-
tion of water with silanol groups present on the top surface. The interface chemical
structures of hydrophilic Si/Si pairs immediately after contact in room tempera-
ture can be seen in Figure 2.15.
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Figure 2.15 : Postulated interface chemical structures of hydrophilic Si/Si pairs im-
mediately after RT contacting: (a) at an isolated silanol site and (b) at

an associated silanol site (from [1]).

After contacting, three main processes take place during room-temperature storage:

e interface molecular water is continuously reacting with the bonding surface

to generate more silanol groups (slow fracture) (see chemical reaction (2.22)),

e interface water molecules can rearrange themselves to reach an energetically

more favorable state,

e some of the interface water molecules can migrate out of the bonding interface
and/or can diffuse into the surrounding oxide.
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These three effects bring the two mating surfaces closer and, finally, the two wafers
are bridged together with hydrogen bonds without the presence of water as shown
on Figure 2.16.

O
\S/ Silicon O ‘ O ’ O
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o Interface
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O/ \\O wafer #2 g \1 A I\O wafer #2
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Figure 2.16 : Hydrogen bonds at interface of hydrophilic silicon bonding pairs after re-
moval of molecular water: (a) at an isolated silanol site and at an (b)
associated silanol site (from [1]).

Moreover, the last effect would allow silanol-silanol interaction (see Figure 2.16),
that can promote the polymerization of the two silanol groups following:

Si— OH + Si — OH «— Si — O — Si + H,O (2.23)

This reaction can occur at room temperature if the local separation of the surfaces
is lower than 4 A. The polymerization of two silanol groups (each belonging to
one silicon wafer) into a strong covalent bond is responsible of the high bonding
energy between two silicon wafers. As shown in Figure 2.9, this polymerization
is enhanced by temperature and an annealing step will thus greatly increase the

fracture resistance of "wafer bonding” interfaces.

2.2.3 Annealing of the samples

After the first prebonding contact stage, samples have been annealed in order
to increase the interface toughness. Low temperature annealing (until 150°C) has
been performed in an oven whereas high temperature annealing has been performed
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in a furnace, both under inert gas atmosphere. Time and temperature annealing

were different for each samples and are thus mentioned when necessary.

Influence of the annealing step on the interface chemistry

As shown in Figure 2.9, the samples are annealed in order to form covalent bonds
between the two mating surfaces (see Eq.(2.23)). The range of annealing temper-

ature can be divided into three intervals.

Firstly, for temperatures below 110°C, the chemical reactions on the interface are
the same as those proposed for RT bonding, i.e. formation of stable hydrogen bond-
ing between molecular water across the bonding interface. The surface coverage
of molecular water on the silica (Si0;) surface depends on the relative humidity
(RH). The bonding energy of room-temperature bonded vitreous silica wafers was
found to decrease when bonding was performed at RH < 15% owing to a reduction
in water coverage [1]. On the other hand, if RH is greater than 15%, the molecu-
lar water at the interface of hydrophilic Si/S7 pairs does not change significantly
during annealing in the temperature range from room temperature to 110°C since
a mobile water film exists at this stage.

The main interface reactions in this temperature range are:

e the slow fracture effect of Si— O — Si bonds (reaction 2.23) on both bonding
surfaces via attack by the interface water which leads to an increased number
of —OH groups extending from the surface into the interface region;

e rearrangement of the interface molecular water to form more stable hydrogen-

bonded structures.

Secondly, between 110 and 150°C, interface toughness is rising and this can be ex-
plained by the fact that most of the molecular water in silica is removed upon heat-
ing to 120°C leading to polymerization of silanol groups across the interface. This
tentative explanation is supported by the fact that the interface energy of bonded
silicon pairs with hydrophobic wafers surfaces, which does not involve molecular
water on their surfaces, does not change appreciably during the interval from RT
to 150°C (see Figure 2.9).

Thirdly, from 150 to 450°C (maximum temperature in low temperature wafer bond-
ing), the interface toughness exhibits a constant value (see Figure 2.9). In this area,
the bonding energy is limited by the contacted area. It is believed that almost all
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silanol groups in the real contacted areas have been converted into siloxane bonds
at 150°C. Since the bonding surfaces are never perfectly smooth, the area over
which bonding really occurs (termed contacted area) is limited. The value of the

contacted area can be improved by working in low vacuum.

During the second and the third interval, covalent bonds form and bridge the two
wafers following Eq. (2.23).

During and after annealing, we can expect interface chemistry similar to the one
presented in Figure 2.17.
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Figure 2.17 : Chemical structure of hydrophilic pairs during annealing (from [1]).

If the annealing time is sufficiently long, the concentration of covalent bonds in-

creases and an interface like the one depicted in Figure 2.18 is obtained.

Figure 2.18 : Chemical structure of hydrophilic pairs after annealing for a sufficient

time (from [1]).
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The three previous steps (contacting, storage and annealing) were imposed for all
samples. However, optional treatments of the wafers were also applied to study
special cases occurring in wafer bonding. These treatments are presented hereafter.

2.2.4 Optional treatments
Plasma treatment of the wafers

In order to increase the reactivity of the oxide, wafers can be subjected to a plasma
treatment. The plasma used to prepare our samples was an Oy plasma made in
an Oxford (PlasmaLab System 100) machine. The characteristics (power, flux,
pressure, time) of the plasma were modified in order to achieve the best bonding

and are mentioned when necessary.

Etching of the wafers

Samples with channels were processed in order to analyze the effect of the presence
of patterns, and thus of unbonded areas, on the toughness of the final assembly.
After a classical cleaning (described here above), the wafers were covered with a
photoresine sensible to UV. A mask is then deposited on the wafers. The wafers
are then subjected to UV and the photoresine exposed to UV is dissolved. The
channels are then dry etched by the action of sulfur hexafluoride S F§ on the silicon
and a vertical profile is obtained.

A lateral view of this type of samples is shown in Figure 2.19.
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Figure 2.19 : Lateral view of samples with channels.

The size of the channels and the spacing between them were systematically var-
ied. These geometrical characteristics will be detailed in Chapter 5 where the
geometrical effects on the toughness will be addressed.
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Chemico-Mechanical Polishing

As already mentioned, PECVD silicon oxide is too rough for allowing enough pre-
bonding adhesion. In order to decrease this roughness and to allow prebonding of
wafers covered by PECVD silicon dioxide, a Chemico-Mechanical Process (CMP)
process was performed by the company Kemesys from which no specific informa-
tion about the process could be obtained. This treatment decreased the roughness
of the PECVD silicon oxide from 15 A to around 3 A, an acceptable value for
prebonding adhesion.

2.3 Preparation of the specimens

After the complete bonding process, the bonded wafers are cut into rectangular
shape specimens in order to be tested using the steady-state wedge test presented
in Chapter 3. The samples are cut in a parallel direction to the [010] direction
defined in Figure 2.5.a. as depicted in Figure 2.20.

[010] il | ®
AWD—1 2|2

Il B B

flat mterface

(a) (b)

Figure 2.20 : (a) Cutting of the four available specimens from the bonded wafers.
(b) Front and lateral view of one specimen after cutting.

The cutting of the specimens was first performed by cleavage of the silicon wafers
and then, using a diamond web saw (without and with water). No significant
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difference on the interface toughness of bonded wafers was observed between these
different techniques.
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CHAPTER 3

Interface fracture mechanics
Theory and testing

One of the main goal of this thesis was to properly determine the fracture proper-
ties of bonded wafers interfaces. Fracture mechanics is the relevant framework for

addressing cracking resistance.

The first section of this chapter is thus dedicated to a brief presentation of the
fracture mechanics theory and its application to interfaces.

In a second section, a brief description of the parameters describing the fracture
resistance of an interface is presented.

In a third section, the different tests used to determine the interface fracture resis-
tance quantities are presented. The specific wedge-opening test and the tensile test
setup will be described in more details. Results showing the advantages and draw-
backs of these two mechanical tests are also presented in order to critically assess
their relevance. The profilometer test that is an alternative to the wedge-opening
test is also presented in this section. Validation of this test as an alternative to the

wedge-opening test is then reviewed.

3.1 Fracture mechanics : a short review

This section is mainly based on references [20, 31, 32].

The first report on fracture mechanics originates from the stress analysis of Inglis
(1913) [33] of an elliptical cavity in an uniformly stressed plate (see Figure 3.1).

37
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Applied stress, o,

[

Figure 3.1 : Plate containing an elliptical cavity with semi-azes a and b, subjected to

uniform applied tension 0.

His analysis showed that the local stress at the tip of a sharp notch or corner rises
to a level larger than the applied stress by an amount given by:

ch<nm<1%—2(%)) (3.1)

:aw(1+2V§) (3.2)

with p = b%*/a is the radius of curvature. In the Inglis configuration, the limiting
case of an infinitesimally narrow ellipse might be considered to represent a crack.
However, in the case of an ideally sharp crack with p = 0, the stress, 0., becomes
infinite and the presence of a crack produces a stress singularity in linear elastic
solids. Of course, in real materials, the stress at any location cannot exceed a limit
imposed by the occurrence of non-linear mechanisms.

Ignoring the existence of a non-linear zone, it is possible to determine the stress
field at some distance from the crack tip. Considering the orientations defined
in Figure 3.2, stress and displacement fields in region close to the crack tip (i.e.
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r < a/10) express as

oij = fu 0), (3.3)

u = \/7 )fi(6 (3.4)

where o;; are the stresses, u; the displacements, (r,6) the position from the crack
tip, f; and f;; are geometrical functions that can be found in e.g. [31] and K is the
stress intensity factor.

K

K
e

Figure 3.2 : Stress field around a crack tip showing rectangular and polar coordinates.

The K factors depend only on the outer boundary conditions, i.e. on the applied
loading and specimen geometry, and consequently determine the intensity of the
local field. Formulations for K factors can be found in [20, 31].

A major problem facing early workers in fracture mechanics was how to accommo-
date the essential elements of non-linearity and irreversibility (crack-tip singularity)
in the linear elastic fracture mechanics framework. A significant advance was made
by Irwin and Barenblatt who proposed to divide the crack system into two zones
as in Figure 3.3 : the outer zone, linear elastic, transmits the applied loadings
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to the inner zone, where all energy absorption processes (including bond rupture)
operate. The major assumption is that the size of the inner zone must be relatively
small relative to the outer zone. The outer zone is then insensitive to events within

the inner zone and linear elastic fracture mechanics may be retained.

Linear Elasticity

Absorption processes:

» Plasticity
» Cracking Events

Figure 3.3 : Irwin-Orowan small-scale zone model. Surface-separation processes are
confined to a frontal zone (shaded) small compared to crack dimensions.

One of the first model representative of brittle fracture process occurring in the
inner zone is the one of Barenblatt (1962) [31]. It recognizes the underlying atomic
nature of the fracture process by specifying the resistance in terms of a non-linear
traction-separation law of the type shown in Figure 3.4.

4

Q

stress

G,or 1,

displacement

Figure 3.4 : Cohesive traction stress-separation function for two atom planes in brittle

solids.
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The continuum basis of the linear fracture mechanics is preserved by assuming the
forces be distributed over a sufficiently long zone along the crack plane. Moreover,
this cohesive-zone approach leads to removal of the singularity.

Until now, the cracked body has been analyzed under the scope of solid mechanics
by examining the crack tip stress field. Cracking can also be addressed from an
energetic point of view by looking at the energy fluxes taking place within the
body during crack propagation. This approach of fracture was proposed the first
time by Griffith. Griffith’s idea [31] was to model a static crack as a reversible
thermodynamic system. He simply sought the configuration that minimized the
total free energy of the system; the crack would then be in a state of equilibrium,
and thus on the verge of extension. The first step in the treatment is to write
down an expression for the total energy U of the system. To do this, we consider
the individual energy terms that are subjected to change as the crack is allowed
to undergo virtual extension. Generally, the system energy associated with crack
formation may be partitioned into mechanical and surface terms. The mechanical
energy consists of two terms, Uy; = Ug+U,4 where Ug is the strain potential energy
stored in the elastic medium ; Uy is the potential energy of the outer applied loading
system, expressible as the negative of the work associated with any displacement
of the loading points. The surface term Ug is the free energy expended in creating

the new crack surfaces. We may therefore write
U=Uy+ Us. (35)

Thermodynamic equilibrium is then attained by balancing the mechanical and
surface energy terms over a virtual crack extension, da. The mechanical energy
will generally decrease as the crack extends (dUys/da < 0) because the restraining
tractions across the incremental crack boundary are suddenly relaxed, accelerating
the crack until a new configuration of lower energy is reached. On the other hand,
the surface energy term will generally increase with crack extension since cohesive
forces of molecular attraction must be overcome during the creation of new surfaces
(dUg/da > 0). Thus the first terms of Eq. (3.5) favors crack extension while the
second opposites it. This is the Griffith energy-balance concept, a formal statement
of which is given by the equilibrium requirement

au

- =
A crack would extend or retract reversibly for small displacements from the equi-

0. (3.6)

librium length, according to whether the left-hand side of Eq. (3.6) is negative or
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positive

The energy release rate

It is accordingly convenient to define a quantity called the mechanical-energy-
release rate !,

AU
dA”’

with A the crack interfacial area. Observe that G has the dimension of energy per

G=- (3.7)

unit area. For the special case of a straight crack, where length a is sufficient to
define crack area, Eq. (3.7) may be reduced to an alternative, more common (but

more restrictive) form

- - (3.8)

per unit width of crack front. When linear elasticity applies, the stress intensity
factor K and the energy release rate GG are univocally related. Both K and G
characterize the crack tip stress concentrations. The relation between K and G is
demonstrated in [20] and is:

K2
E
where
E = ﬁ in plane strain, (3.10)
= E  in plane stress. (3.11)
As previously mentioned, a crack will extend if
au  dU au,
S ) (3.12)

da da ' da
Using the definition of G (Eq. (3.8)) in Eq. (3.6), we see that a crack extends if

dUg
o
We can now define a material property, G., as the critical energy release rate of
the material. If G > G, crack will extend.

G > (3.13)

'Rate relative to spatial crack coordinate, area or length, not time
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G, represents the fracture toughness of the material i.e. its resistance against crack
extension. Note that, in principle, GG, is equal to twice the surface energy if fracture

is purely brittle i.e when no dissipation mechanisms occur, i.e.
G. = 2. (3.14)

As a matter of fact, even in very brittle materials, surface reconstructions always
lead to some discrepancies between G, and 27 [31].

Physically, the fracture toughness, G., can be seen as the energy per unit area
required to separate the material within the process zone. Because G and K are
related through Eq. (3.9), we can also define the criterion for crack initiation in
terms of K. If K > K., cracking will occur in the material. It is important to
remember that, in spite of the notations, G, and K, are very different from G and
K. G. and K, represent the toughness of the material and represent a property
of a material or an interface. They are related to the micromechanisms occurring
during crack propagation. On the other hand, G and K are mechanical concepts
which depend on the loading, the geometry of the cracked specimen and on the
details of the loading conditions.

Application to interfaces

The concepts developed in the previous section can be applied when a crack opens
and propagate along an interface between two elastic materials. In most of real
cases, a complex distribution of load that can both open and shear the crack will
provoke crack propagation as sketched in Figure 3.5. In that case, the stress field
near the crack tip has the form:

K

KII
(r0) = L)1 () +
oi(r,0) = ZZ=240) + 5=

The index I and II are respectively associated to open and shear loads. By ex-

511(0). (3.15)

tension, a mode I crack propagation is due to opening loads acting on the crack
whereas a mode [ crack propagation is caused by shear loads. The #-dependent
functions ¥/;(6) and X[/ (0) can be found e.g in [31]. The stress intensity factors,
K; and Ky, scale the amplitudes of opening and shearing loads.

The mixed mode conditions are characterized by the two loading parameters K;
and Ky that transmit the remote loading conditions to the crack tip process. The
relative amount of mode I to mode [ is specified by the mode angle 1, defined
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Material #1

v

Material #2

Figure 3.5 : Crack lying along a bimaterial interface.

Ky

tan() = 72~ (3.16)

A pure mode I crack corresponds to ©»=0 and a pure mode I1 to =+7/2.

Using the relationship (3.9), it is possible to write the strain energy release rate of
a mixed mode cracking configuration as :
1
G = f(K? + K%). (3.17)

In our particular case of interfaces resulting from wafer bonding, it is possible to
write the stresses on the plane =0 at a distance r ahead the crack tip :

K

0'22(7”, O) - \/ﬁ, (318)
K

o15(r, 0) = —2 (3.19)

\ 21T .

This stress field is similar to the one presented in Eq. (3.4) when pure mode [ is
considered.

In this thesis, only pure mode I will be encountered. Mixed mode cracking was
extensively reviewed in a paper by Suo and Hutchinson [34].
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3.2 Fracture mechanics : an atomistic point of
view

If a crack propagates into a solid or along an interface as sketched in Figure 3.6(a),
the evolution of the force needed to separate two atomic planes can be represented
by the curve of Figure 3.6(b).

. . hesi - ion f ion f
(a) Atomic crack propagation. (b) Cohesive stress-separation function for

two atoms planes in brittle solids.

Figure 3.6 : Atomistic point of view of fracture mechanics.

First, the force increases linearly, reaches a maximum value and then drops to zero
when the atomic bond is broken. This simple representation of crack propaga-
tion confines the bond rupture mechanisms to two interatomic layers that bound
the crack plane. Atomic layers further from the crack plane deform following the
same traction-separation law, but only up to a stress smaller than the maximum
stress, and (not withstanding certain relaxation processes that occur when atomic
structures on newly created surfaces rearrange themselves) reversibly, restoring to
their intact configuration when the crack moves ahead. The apparent simplicity of
this fracture representation can be directly applied to our wafer bonded interfaces
because fracture along this interfaces is mostly brittle.

The cracking resistance of interfaces is then essentially characterized by two para-
meters (31, 35, 36]:

e the first one is the energy needed to propagate the crack. This is the area
under the curve of Figure 3.6(b). It is expressed in J/m? and it corresponds
to the energy used to create 1 m? of new surface. When no dissipation
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mechanisms are present, the cracking energy will indistinctly be noted G, or
I'y in the rest of the document except when it specifically mentioned.

e the second one is the critical stress or interface strength. This is the maximum
value of force/stress of Figure 3.6(b). It is expressed in Pa and it is noted o.
in the rest of the document.

A lot of experimental techniques allow the determination of GG.. For reasons that
will be explained later, we have chosen the wedge-opening test, presented in details
hereafter. The direct measurement of the interface strength is much more contro-
versial and only a test used to measure an overall strength of the interface, the

tensile test, will be presented and critically discussed.

Factors affecting the interface toughness

The overall or macroscopic fracture toughness, G., is influenced by several para-
meters which are presented briefly here below and detailed in the next chapters.
The overall toughness of an interface can be written as:

Gznacro - FO + Fp - chrvature - G'roughness (320)

['y corresponds to the intrinsic interface toughness. It depends mainly on the
chemical bonds linking the two wafers and the reaction of these chemical bonds
with environmental species (water, ...) (see Chapter 5). I', represents the plastic
dissipation that can occur in an ductile layer lying near the interface when the
interface is submitted to external loads. I', depends mainly on geometric factors
and mechanical properties of the ductile layer. The influence of I', on the toughness
will be presented in details in Chapter 6. Geurvature a0d Groyghness are terms that
will decrease the global toughness. They are respectively due to the curvature and
roughness of the wafers. Influence of the roughness and the curvature of the wafers
on the toughness is presented in Chapter 5.
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3.3 The wedge-opening test

Note: the description of the test and the justification of its relevance for the present
problem have been given in [37].

The wedge opening test is used to determine the interface toughness, G., of the
bonded wafers. The test consists of inserting a thin wedge between the two wafers
and of promoting crack propagation at the interface.

First, mechanical concepts associated to the wedge test and leading to a formulation
for GG, are presented. Then, a brief description of the measurement setup and the
main advantages resulting from the use of this technique are reviewed. Finally, an
alternative to the previous technique is presented.

3.3.1 Mechanics of the wedge-opening test

An important experiment undertaken by Obreimoff [8] in 1930 on the cleavage of
mica can be considered as the ancestor of the wedge test. The basic arrangement
used by Obreimoft is shown in Figure 3.7.

F

C-z
3

Figure 3.7 : Obreimoff’s experiment on mica.

A wedge of thickness d is inserted beneath a thin flake of mica attached to a parent
block, and is made to drive a crack along the cleavage plane. In this case, we may
determine the energy of a cracked system by treating the cleavage lamina as a freely
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loaded cantilever of thickness A and width w, built-in at the crack front distant
a from the point of application of the wedge. We note that allowing the crack
to form under constant wedging conditions, the bending (line) force F' suffers no
displacement, so the net work done by this force is zero, i.e.

Ua = 0. (3.21)

At the same time, we have, from simple beam theory (see Appendix C for details),

the elastic strain energy in the cantilever arm,

_ Bwh’d®

= 22
Ve = 58 (3.22)
The mechanical energy-release rate G is defined by (see Eq. (3.8))
AUy d(Ua + Ug)
— — 2
¢ dA dA (3:23)
which reduces using Eq. (3.21) to
dUg
- _E 24
G A (3.24)

where A the crack interfacial area.
For the special case of a straigth crack, the crack interfacial area A is then equal
to

A = aw (3.25)

with w, the width of the specimen. The mechanical energy release-rate can be

rewritten as

_dUs

G = )
wda

(3.26)

Inserting Obreimoft’s energy terms (Eq. (3.22)) into the definition of G (Eq.
(3.26)), we obtain

3ER3d?
G=>"""

o (3.27)

Let us now consider the wedge-opening test also called the double-cantilever beam
test (DCB). A versatile system is that of the double cantilever, obtained by sym-
metrically pre-cracking a beam specimen as shown in Figure 3.8.
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Figure 3.8 : Double cantilever beam (DCB) test specimen.

This specimen may be seen as an elaboration of the Obreimoff arrangement (see
Figure 3.7). The elastic strain energy, Ug, stored in each arm of the specimen is
then:

_ Bwhid®

C— .2
Up.i 32a? (3.28)

with ¢=1, 2 the index of the arm. The total elastic strain energy stored in the

specimen is then:

Ewh3d?
Ug=2Up; = ——— 3.29
S N TE (3.29)
and the mechanical energy release rate is equal to:
3ER3d?
G = Lot (3.30)

for the double cantilever beam (DCB) test specimen. An interesting aspect of this
test is that G is a decreasing function of a. The system is thus stable regarding
crack propagation: the crack advances at the same rate as that of the wedge. So,
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the measurement of the propagating crack length allows determining G, because
during crack propagation, G=G.. Moreover, the only unknown in the relationship
(3.30) is the crack length, a, the other parameters being geometrical parameters
(d, h) or a material parameter (E).

The wedge-opening test or double cantilever beam (DCB) test was first proposed
by Maszara [38] for the determination of the toughness of bonded silicon wafers.
A typical result coming from [38] is shown in Figure 3.9.

Figure 3.9 : Typical wedge test result coming from [38].

Unfortunately, the geometry shown in Figure (3.9) is quite different from the beam
bending theoretical geometry used to derive Eq. (3.30), leading to errors in the
obtained cracking resistance values. In order to circumvent the drawbacks of the
method proposed by Maszara and to offer other options such as the testing at dif-
ferent crack velocity, a new test geometry was developed to measure the toughness
of bonded silicon wafers. This test is presented in the next section.
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3.3.2 Description of the measurement set-up

Before showing the testing method, we provide some details about the measurement
of the crack length, a, which is the key for an accurate estimation of G,.. Indeed,
the crack length enters the expression of G. (see Eq. (3.30)) to the fourth power.

Determination of the crack length

As previously mentioned, the only parameter to determine for characterizing inter-
face toughness with the wedge-opening test is the crack length (see Eq. (3.30)). In
order to measure the crack length, we make use of the optical properties of silicon.
As shown in Figure 3.10, the absorption coefficient of undoped silicon is very low
in the infrared (IR) region of the light spectrum allowing IR radiation to easily

propagate into silicon wafers.
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Figure 3.10 : Absorption coefficient of undoped silicon (from [39]).

It is thus interesting to analyze the behavior of light when it meets various interfaces
occurring in wafer bonding [40]. Part of the IR flux is reflected at the different
interfaces present in the system. The reflectivity for the normal direction of incident
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radiation is given in the form:

(n1 —ny)?
Ry=———""- 3.31
0 (n1 -+ n2)2 ( )
where n; is the refractive index of the first medium and n, is the refractive index of
the second medium. On the basis of relationship (3.31), the reflectivity associated

to a particular interface can be calculated for:
e air-silicon,
e silicon dioxide-silicon,
e air-silicon dioxide.

Assuming the following values of the refractive index: ng;0, = 1.42, ng; = 3.42 and
Nair = 1 leads to : Rui—gi = 0.3, Rgi—sioo = 0.17 and Rg;o2_qir = 0.03. Due to
the weak absorption coefficient of silicon and silicon dioxide toward IR wave, the
ratio of the radiation intensity flux measured at the spot of a bonding defect to
the radiation intensity flux associated to a bonded interface is only determined by
the losses resulting from reflections on the bonding surfaces.

Let us consider the three most probable cases occurring in bonding technology.

1. The infrared radiation of intensity I, falls onto the bonded silicon wafers at
point A (see Figure 3.11) not containing any defect and is recorded after pass-
ing through two wafers of thickness h taking into account the reflections at
two interfaces (air/silicon, silicon/air). The reflection at the bonded interface
can be neglected. According to the notation of Figure 3.11,

Iy = (1 — Ryir_si)* Iy = 0.491,. (3.32)

For a radiation flux incident on the sample at point B and passing through

the non-bonded region, we get
Ip = (1 — Ryy_si)* 1o = 0.241,. (3.33)

The relative transmission is given in the form

[A o (1 - Rairfsi)2[0 o 1
[B (1 - Rairfsi)4[0 (1 - Rair75i>

S = 2.04. (3.34)
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Figure 3.11 : Direct bonding defects, air niche between silicon wafers.

2. The infrared radiation of intensity I, enters the bonded silicon wafers at point
A (see Figure 3.12). Consider that one of the wafers is covered by a silicon
dioxide layer. The radiation is recorded after passing through two wafers of
thickness h, the oxide layer and after reflections on the interfaces between
four different media. According to the notation of Figure 3.12 and following

a procedure similar to case 1, we obtain
[A = (1 - RairfSi)2(1 - RSZ’*SZ’OQ>2[O - 034[0 (335)

For radiation flux incident on the sample at point B and passing through a

region containing a defect, we get
Ip = (1 = Ruir—si)*(1 — Rsi—si0,)(1 — Rsios—air)lo = 0.2815.  (3.36)

The relative transmission is given as

Iy 0.341,
A —1.21. 3.37
Is  0.281, (3.37)

3. The infrared radiation of intensity I, enters the bonded silicon wafers at
point A (see Figure 3.13). Consider that both wafers are covered by a silicon
dioxide layer. The radiation is recorded after passing through two wafers of
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Figure 3.12 : Indirect bonding defect, air niche between SiOy — Si.

thickness h, two oxide layers and after reflection on the interfaces between
five different media.
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Figure 3.13 : Indirect bonding defect, air niche between SiOsy layers.
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According to the notation of Figure 3.13 and following a procedure similar
to case 1, we obtain

In = (1 = Rair_5:)*(1 — Rsi_sio,)* 1o = 0.341,. (3.38)

For radiation flux incident on the sample at point B and passing through
defect region, we get

Is = (1 = Ruir—3i)*(1 — Rsi—3i0,)*(1 — Rsi0oy—air)’lo = 0.3215.  (3.39)

The relative transmission is given as

Iy 0.341,
A - = 1.063. 3.40
Iz 0321, (3.40)

The presence of defects, and especially of air, modifies the intensity of the radiation
detected by the camera, forming a contrast between bonded area and unbonded
area. This contrast will be used to determine the boundary between bonded and un-
bonded area, i.e the crack front. The more difficult case is the Si/5i05//Si05/Si
system for which the decrease of transmission intensity due to the presence of a
defect is relatively limited.

Moreover, the IR transparency of silicon decreases when the level of silicon wafer
doping increased. So, in the case of highly doped silicon wafers, it is not possible

to determine the crack length.

Error due to the use of IR radiation

The minimum height of air trapped in between the two wafers affecting the trans-
mission is equal to a quarter of the wavelength, A, of the incident radiation [1]. The
wavelength of the infrared radiation corresponding to the minimum absorption of
silicon is equal to around 1.1 um (see Figure 3.10). So, the minimum detectable
height of air trapped is 0.275 pum. It results that an error of 4 % on the crack length
is made leading to an error approximately equal to 19 % on the cracking resistance
(see Eq. 3.30) if a wedge of 100 pm is used. If a wedge of 230 pum is used these
errors become equal to 2.8 % for the crack length and 12 % for the toughness. The
details of the calculations can be found in Appendix D.

However, all the values presented in this thesis do not take into account this mea-
surement error in order to compare the toughness values we obtained with values

coming from the literature.
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The loading setup

The only measurable parameter needed for the determination of the toughness of
bonded interface is the crack length, a.
The experimental setup used for measuring the interface toughness is schematically

represented in Figure 3.14.

Moving Wedge

IR V5 Camera

N ;/% D CCD
Source VV\/L. A

PC
_|_

Image Acquisition
Software

Figure 3.14 : Measurement set-up used to determine crack length.

A wedge is mounted on an universal mechanical testing machine (Instron 556, Load
cell of 10kN). The tested samples are illumanited using a polychromatic source of
light (conventional slides projector) and the transmitted light is recorded by a CCD
camera. The signal is then treated and analyzed by an image acquisition software
(VISILOG 5 from NOESIS). A typical result obtained with this measurement set-
up is presented in Figure 3.15. The presence of air decreasing the intensity of
radiation received by the camera, the unbonded zone is darker (see Section 3.3.2)
and the crack length can easily be measured as indicated in Figure 3.15. The
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Figure 3.15 : (a) Lateral view of the wedge test with d is the thickness of the wedge
and a is the crack length. (b) Typical result obtained with the wedge test
(front view of the wedge test).

originality of this method is that the tests are performed continuously, meaning
that the crack opening method is performed at a controlled blade insertion rate.
Most authors [1, 38] seem to perform their tests statically: they insert a blade
to a certain depth and measure the resulting crack length. The results proposed
later will show the differences between those two methods in terms of toughness
values. Another particularity of our set-up is the geometry of the samples: tests
proposed in the literature [1, 38, 41] are performed on entire wafer which is more
difficult to interpret mechanically. To perform efficient tests, it is preferable to
work with samples having a width smaller than the width of the inserted blade in
order to avoid edges effect. Regarding test procedures, great care should be taken
when interpreting static tests with respect to rate effects, spatial heterogeneity in
the bond resistance, and misalignment during initial wedge insertion. Performing
fracture test under steady-state conditions is also important for properly addressing

environmental effects such as moisture effects [31, 42].
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”Pixelisation” error

The determination of the exact crack front location on the picture taken by the
camera can be sometimes difficult. A small error on the position of the crack front
will lead to a large error on the toughness as explained above.

If we consider an error of 1 pixel on the position of the crack front and a crack
length measured on the computer ranging from 50 to 80 pixels (this is a typical
value obtained with our measurement set-up on many different samples), the max-
imum error made on the crack length is equal to 2% leading to an error of 8% on
the interface toughness. However, this inaccuracy can be circumvented by multi-
plying the number of measurements of the crack length. The crack length could
be underestimated in one measurement and overestimated in the next one leading

to a correction by averaging.

3.3.3 Data reduction scheme

The first important result appears when looking at the evolution of the crack length
with the wedge displacement in Figure 3.16. This results comes from the testing
of annealed samples (150°C during 150 hours) covered with a native oxide. Three
zones can be usually distinguished. The first zone, whose size can vary from one
measurement to another, corresponds to transient effects related to small initial
misalignment of the razor blade and uncontrolled initial velocity of blade insertion.
The value of the crack length in this zone can vary from one sample to another
(Figure 3.16) even if they undergo the same treatment due to bonding heterogeneity
at the scale of the wafer (this is the case for results presented in Figure 3.16). When
tests are performed 7statically” i.e. without a continuous insertion of the wedge
as presented in e.g [38], crack length values associated to the first zone are often
determined and this can lead to an important error on the determination of the
interface toughness. The second zone corresponds to the true steady-state regime
giving relevant crack length values. So, only crack length values belonging to this
plateau can be considered in Eq. (3.30) to determine the toughness of the bonding.
In the third zone, the crack tip stress field starts interacting with the specimen end
and therefore the value of the crack length is not representative anymore of the
intrinsic interface toughness of the bonded wafers. From now, all the interface
fracture toughness results presented are calculated using the relationship (3.30)
based on the value of the crack length measured in the second zone.
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Figure 3.16 :

Evolution of the crack length for two samples coming from same
wafers during wedge displacement. Crack length wvalue from the
24 zome must be wused to determine the interface toughness.
Note : a wedge displacement equal to 0 means that, after inserting the
wedge manually and correctly aligning the specimen, a crack length can
thus be measured at “wedge displacement=0" because the manually in-

serted wedge has promoted an initial debonding of the specimen.

3.3.4 Validation of the testing method

Influence of the wedge thickness

In order to verify the validity of the methodology, two different wedge thicknesses

have been used in order to measure the interface toughness of samples coming

from the same bonded wafers. The averaging is made on 4 samples for each wedge

thickness and around 10 crack length measurements for each sample. The results

are presented in Table 3.1 and provide a first demonstration that the interface

toughness of bonded wafers obtained with the steady-state wedge-opening charac-

terization technique is independent of the wedge thickness.
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Wedge thickness = 100 um | Wedge thickness = 230 pm
G, [J/m?] 1.6 £0.3 1.6 £ 0.1

Table 3.1 : Interface toughness of similar samples determined using the steady-state

wedge-opening test with two different wedge thicknesses.

Influence of the sample width

The influence of the width of the samples was addressed by M. Legros in the
framework of his undergraduate thesis [43]. Samples with three different widths
(5, 10, 15 mm) were tested using the wedge-opening test. The results presented in
Table 3.2 show that the determination of the interface toughness is also independent
of the sample width. This also shows that the so-called anticlastic effect? does not

affect the results.

Width = 5 mm | Width = 10 mm | Width = 15 mm
G. [J/m2] 1.9 4+ 0.2 1.8 £ 0.2 2.1 +0.2

Table 3.2 : Interface toughness of similar samples determined using the steady-state

wedge-opening test with three different sample widths.

3.3.5 Indirect method for the measurement of the crack

length

The measurement of the crack length using IR radiations is only possible if the
sample is transparent to IR. In some applications and particularly when a ductile
(non-IR transparent) layer is inserted between the substrate and a silicon dioxide
(as described in Chapter 6), the use of the steady-state wedge-opening test method-
ology described in Section 3.3 does not allow determining the interface toughness
of bonded wafers. For this type of samples, an indirect method based on the
measurement of the out-of-plane displacement profile is used.

2The anticlastic effect is the transverse bending of an elastic beam occurring when bending is
imposed in the length of the beam. It can lead to crack tunnelling (curvature of the crack front
with crack advancing faster in the middle of the specimen) and perturb the measurement.
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The profilometer method - Theory

Let us consider a beam subjected to a vertical displacement d/2 as sketched in
Figure 3.17.

Figure 3.17 : Bending of a beam subjected to a vertical displacement.

From linear elastic beam theory, there exists a unique relationship between the
bending of the beam (z and y coordinates), the vertical displacement, d/2 and the
distance between the imposition of the vertical displacement and the fixed end of
the beam, noted a. This relationship is :

y= fla) = le (2 - 3% + 2—2) (3.41)

Hence, if a wedge of known thickness is inserted between two bonded wafers, the
measurement of the profile of one of the bended wafer can be used to indirectly
measure the crack length, a, through Eq. (3.41). Moreover, using Eq. (3.41) allows
the determination of the true crack length (no error from direct measurement due
to limiting thickness of the air gap) because the silicon wafers remain purely elastic
when subjected to bending. However, this method is more time consuming than
the “classical” wedge-opening method and cannot, up to now, be performed in a
“steady-state” regime.

The profilometer method - Practical use

After inserting a wedge of known thickness, the specimen is deposited on the sup-
port plate of a DEKTAK 3030 profilometer. A schematic representation of the
specimen profile is sketched in Figure 3.18.
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bended part of the wafer

______  linear part

Support plate of the profilometer

Figure 3.18 : Typical profile of specimen when laying on the profilometer support plate.

As shown in Figure 3.18, a change in reference axis must be made before using Eq.
(3.41) which requires:

e a rotation of the profile in order to make the linear part in front of the crack
tip following the crack tip coincident with X-axis.

e a translation of the points so that the y-coordinate at x=0 must be equal to
half the wedge thickness (see Figure 3.17).

The profilometer method - Validation

In order to validate the profilometer method, samples subjected to exactly the
same surface treatment are tested with the steady-state wedge-opening test and
the profilometer test. These samples are covered with a PECVD oxide, CMP-
polished by KEMESYS, and then annealed at 120°C during 10 h. Results are
presented in Table 3.3.

’ ‘ Direct method ‘ Profilometer method ‘
La[mm]| 9.3+/-04 | 9.4 +/-0.22 |

Table 3.3 : Comparison of crack lengths measured by the direct method (on 4 samples)
and the profilometer method (on 7 samples). Silicon wafers are covered
with a PECVD silicon oxide, CMP-polished, activated by Oz plasma (5s)
and then annealed at 120° C during 120 h. The thickness of the wedge is
100 pm.

The wedge test and the profilometer method give, considering the error margins, the
same crack length. From the reason explained above in this chapter, it is expected
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that the direct method always underestimates the crack length (by theoretically
4%) in agreement with the result of Table 3.3. The profilometer technique is thus
adequate for determining accurately the crack length of samples involving a ductile
interlayer (see Chapter 6). Unfortunately, the profilometer method cannot be used
with the loading setup described in Section 3.3.2 but requires a manual insertion of
the wedge. However, great care must be taken when inserting the wedge in order
to avoid errors such as presented in Figure 3.16.
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3.4 The tensile test

The tensile test is used to determine an overall strength of the interface. A
schematic of this test is presented in Figure 3.19

bonding wafer #1
scam wafer #2

Figure 3.19 : Schematic of the tensile test.

An universal tensile testing machine (ZWICK 1478) is used to pull apart the bonded
interface. The overall bond strength (o.) is obtained by dividing the force recorded
at fracture by the area of the sample:

Fmax

(0,) = 0 (3.42)

3.4.1 Details of the tensile test methodology

After surface and bonding treatments, samples are cut from the bonded wafers in a
square shape (from different size ranging from 10 to 100 mm?). After IR inspection
(no visible bubbles are allowed), the samples are stuck to the clamp of the tensile
testing machine using a high strength glue (Loctite®480). After the drying time of
the glue, the samples are tested. The cracking path is characterized after fracture.
Indeed, if the crack propagates along the wafer /wafer interface as sketched in Figure
3.20(a), (b), the measurement is correctly performed and a overall strength could be
extracted from this type of measurement. On the contrary, if the crack propagates
along the wafer/wafer interface and suddenly kinks in the silicon substrate or in
the glue as depicted in Figure 3.20(c), (d), the measurement is rejected.
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Figure 3.20 : Typical cracking path occurring during tensile tests.(a) Schematic of a
crack propagating along the wafer/wafer interface (crack path in red, glue
in blue), (b) upside view of a half of sample with cracking occurring at
the interface, (¢) schematic of a crack propagating along the wafer/wafer
interface then kinking in the silicon substrate and finally propagating at
the clamp/wafer interface , (d) upside view of half of the sample showing
this type of fracture.

3.4.2 Tensile tests results

Only one campaign of tests was performed and the results of these tests are pre-
sented hereafter. The fracture stress of a large set of samples coming from the
same wafers as a function of the cross-sectional area of the sample are shown in
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Figure 3.21.

Figure 3.21 : Overall strength (o) of bonded wafers interfaces as a function of the size
of the samples. Wafers have been subjected to a plasma treatment (5s)
and annealed during 120 hours at 400° C.

The scatter of the results is extremely large and the interface strength cannot be
determined using this test. The tensile test does thus not provide a useful and
reliable characteristic mechanical quality factor of the strength of wafers bonded

interfaces.

3.4.3 Validity of the tensile test

Theoretical values (calculated from interatomic potentials or ab-initio calculations)
for the fracture strength, o. are expected to be in the range 1-30 GPa for bonds
involving silicon and oxygens [44, 45]. There is no reason, for the present system,
which does not involve any relaxation mechanisms to expect values lower than
those. Hence the measured (o.) are probably three orders of magnitude smaller

than o..
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In fact, the use of the tensile test allows only the determination of an overall
strength which is strongly related to defects present at the interfaces. By looking
at Eq. (3.43) known as the Griffith’s relationship,

E/
V Ta

where o, is the strength of the material or the interface, £’ is the Young’s modulus,

G, is the fracture energy and a is the size of a flaw in the solid or at the interface,
one can easily quantify the presence of a defect of length a along the interface. By
considering minimal and maximal values of the (o) of Figure 3.21 (1 MPa and 10
MPa), it is possible to determine the size of the critical flaw, a., using relationship
(3.43). The critical flaw size range from 1 mm (an acceptable value considering the
size of the samples) to 0.1 m. This latest value is obviously too large considering
the size of the samples. However, crack initiation for low mean strength samples
probably occurred at the outer edges of the samples. When performing such tensile
test, the only parameter measured is the maximum flaw size which has promoted
debonding.

One of the other drawbacks of this type of tests is that the glue used to fix the
sample to the clamp must have a strength higher than the overall strength of the
interface.

Note finally that a plot such as the one of Figure 3.21 is an indicator of the homo-
geneity of the bonding.

A original methodology used to determine the true interface strength, o. by cou-

pling experiment and simulation will be presented in Chapter 6.
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CHAPTER 4

Optimization of wafer bonding
process

The control of the processing of “clean”, exempt of bubbles, interfaces with the
desired and often, as high as possible, bond toughness is necessary to make wafer
bonding a reliable tool for microelectronic industry.
In this chapter, the experimental conditions used to obtain the best bonding qual-
ity between silicon wafers are presented. By "best bonding”, we mean that the
bonding must be uniform, i.e. no interface bubbles should be present at the inter-
face at the end of the process, and that the toughness of the interface must be as
high as possible to support external loading and then to avoid delamination.
Note that the problem of bubbles can be independent of the local quality of the
interface toughness: very local high interface toughness, I'y, is possible between
large bubbles whereas the global mean interface, (I'y), will not be good as sketched
in Figure 4.1.

The first part of this chapter deals with the formation of the interface bubbles
and with the different ways to avoid or eliminate them.
In the second part of this chapter, the different surface treatments aiming at opti-
mizing the fracture resistance of interfaces are presented.
Finally, the influence of an "artificial” (thermal or PECVD) silicon oxide covering
the silicon substrate is discussed.
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wafer #1

bubbles

wafer #2

Figure 4.1 : Representation of the local toughness, I'g, between large bubbles at the sil-

icon/silicon interface.

4.1 Quality of the wafer bonding process

One of the most common problem associated with wafer bonding is the occurrence
of unbonded interface areas which are frequently termed “interface bubbles” or
“voids”. Interface bubbles form either immediately during the room-temperature
bonding process, during storage, or during a heat treatment. The cause of the

bubbles formed during room temperature bonding includes:

e particles on the bonding surface;
e localized surface protrusions;
e localized absence of sufficient density of bonding species;

e trapped air pockets.

Interface bubbles developed during storage or thermal annealing usually originate

from:

e reaction of the interface bonding species with the bonding materials (e.g.
water molecules react with silicon to generate hydrogen in bonded hydrophilic
Si/Si pairs);
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e dissociation of bonded groups on the bonding surfaces (e.g. dissociation of
siloxane (Si — O — Si) bonds into silanol Si — OH groups);

e desorption or outgassing from contaminants on or inside the bonding mate-

rials.

4.1.1 Room-temperature bubbles

For the first case where particles or contaminants are responsible for the presence of
bubbles, it is possible to predict the size of the bubbles as a function of the size of the
particles. During wafer bonding at room temperature, wafers are deformed around
particles on bonding surfaces, leaving circularly unbonded interface areas. Using
the simple theory of small deflections of a thin plate, it is possible to determine
the radius, R, of the unbonded area as sketched in Figure 4.2.

Figure 4.2 : Schematic of particle leading to an unbonded area with radius R larger

than wafers thickness, h.

The expression for debonding radius R is [1]:

R={ (43%13)\/8 (4.1)

where E = E/(1 —v?) with E and v are the Young’s modulus and Poisson ratio
of the wafers, h is the thickness of the wafers, G. is the toughness of the interface
and d is the radius of the particle. When the size of the particle decreases to reach
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the condition R < 2h, i.e. using Eq. (4.1), that d < \/(%GC) = d.t, it has been
suggested that an elastomechanical instability occurs leading to an unbonded area

with a much smaller radius than predicted by Eq. (4.1) as sketched in Figure 4.3
[46].

Figure 4.3 : Schematic of sufficiently small particle leading to an unbonded area with
radius R much smaller than wafers thickness, h.

In that case, the size of the unbonded area is :
R =~ kd with k =~ 1 (4.2)

It is then extremely important to eliminate large particles, those of a size larger
than d..;. Indeed, at this particle size, the radius of the unbonded area would
change from about 2h (= 1000 um) to about de.; (= 0.1pum) for room-temperature
bonding), corresponding to a decrease of 10* in R and to a decrease by a factor
10® in the surface of the unbonded area.

4.1.2 Temperature-dependant interface bubbles

In addition to interfaces bubbles in room-temperature bonded pairs which are
caused by particles and surfaces irregularities, bubbles frequently appear during
annealing at elevated temperature [47]. In the case of hydrophilic bonded wafers,
it is assumed that bubbles formation occurs at a temperature over 170°C and
disappears at a temperature over 1000°C [1]. In a lot of applications (MEMS,
CMOS), it is not possible to impose a post-annealing at a temperature in the
range of 1000°C without degrading electrical or mechanical properties.

Figure 4.4 shows the presence of bubbles on the bonded interface after thermal

annealing.
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(a) (b)

Figure 4.4 : Infrared transmission images before (a) and after (b) annealing for Si/Si
bonded wafers. Annealing conditions are: 120°C for T0h followed by a
subsequent annealing at 260° C for 90h.

The source of these bubbles is the presence of water molecules along the interface.
These water molecules can come either from the two or three monolayers present
at the bonding interfaces of hydrophilic silicon wafers after room-temperature con-
tacting or from the polymerization of silanol groups. This polymerization reaction
leads to the formation of strong covalent siloxane bonds that bridge the two wafers
but water is generated as a byproduct of the reaction:

Si— OH + Si — OH «— Si — O — Si + H,0. (4.3)

However, it appears that the gas forming bubbles is mainly hydrogen [1]. Indeed,
molecular water diffuse inside the silicon oxide (native, thermal or PECVD) cov-
ering the silicon wafers and react with the surrounding silicon to form hydrogen
according to the following reaction:

The thickness of the silicon oxide increases and the produced hydrogen migrate to
the interface where it promotes the formation of bubbles. This reaction is possible
if water molecules can reach the silicon wafers i.e. if the silicon oxide layer is not
too thick. Moreover, native oxide absorb released gases at the bonding interface
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less effectively than dry thermal oxide films. So, thermally induced bonding voids
are more prevalent in hydrophilic bonded wafers with native oxides than thermally
oxidized wafers [48].

In order to form interface bubbles, hydrogen molecules have to diffuse into the sili-
con oxide and along the interface until they find a suitable nucleus (hydrocarbons,
particles , ...). Indeed, experiments on the nucleation of interfaces bubbles clearly
show that the presence of hydrogen alone is generally not sufficient to nucleate
interface bubbles, but that thermally desorbed hydrocarbon molecules appear to
play a major role [47]. Methods to prevent bubbles formation at the interface of

hydrophilic bonded silicon wafers can therefore be based on:

e removal of interface hydrocarbons;
e removal of interface molecular water;

e removal of either desorbed hydrocarbon and hydrogen molecules by adsorbing
them in a adapted material.

Some particular surface treatment (cleaning) can be used to remove thermally un-
stable hydrocarbons from the bonding interfaces [47, 49, 50]. One attractive surface
treatment consists of an O, plasma treatment. Indeed, oxygen radicals coming from
the O, plasma atmosphere can be efficient enough to break any Si — O — R bonds,
where R stands for hydrocarbons contaminations [51]. Moreover, as seen in the
next section, this type of surface treatment will also increase the toughness of the
bonding.

In order to remove desorbed hydrocarbons and water molecules, it is also possible
to trap them in cavities avoiding the formation of bubbles. The two pictures shown
in Figure 4.5 exhibit the surface of bonded silicon wafers with channels of 200 pum
width, 1 um deep and with distance of 600 um between them before and after an
annealing at 120°C followed by a post-annealing at 260°C for 90 hours. No bub-
bles appear because the precursors of the bubbles (water, hydrocarbons,...) have
moved into these channels. Thermal silicon oxide will also prevent the generation
of bubbles at the interface. Thermal oxides, with only 43% of the lattice space
occupied [1] involve a very open structure allowing hydrogen, gaseous hydrocar-
bons, and other impurities to diffuse, resulting in a significant reduction of the
gas pressure at the bonding interface. Therefore, a bonding pair consisting of, at
least, one thermally oxidized silicon wafer is much less prone to the generation of
temperature-dependent bubbles.
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(a) (b)

Figure 4.5 : Infrared images for Si/Si wafers with trenches before (a) and after(b) an-
nealing. Annealing conditions are: 120° C for T0h followed by a subsequent
annealing at 260° C for 90h. These pictures must be compared with pictures
of Figure 4.4 corresponding to non-patterned wafers and where bubbles are
generated after thermal annealing.

4.2 Obtaining the highest interface toughness for

bonded silicon wafers

Silicon wafers pairs are thermally treated in order to enhance the interface tough-
ness of the bonding after room-temperfature contacting. It is important to remind
that we are dealing with hydrophilic silicon wafers i.e. that the surface of the
silicon wafer is covered by a silicon oxide (native oxide, thermally grown oxide or
PECVD oxide). For hydrophilic Si/S% pairs, the chemical processes leading to a
significant increase of the toughness are:

1. dissociation of Si — O — S7 bonds from the silicon oxide layer via attack by
interface molecular water:

Si—0—Si+ HyO «—— Si—OH + Si— OH (4.5)
which leads to an increased number of —OH groups;

2. rearrangement of the interface molecular water to form more stable hydrogen
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bonded structures and removal of the excess interface molecular water by
migration or diffusion (see Figures 2.15, 2.16 and 2.17)

3. polymerization of the hydrogen-bonded silanol groups into strong covalent
siloxane bonds between the two wafers (see Figures 2.17 and 2.18) following
reaction:

Si— OH + Si — OH «— Si — O — Si + H,0. (4.6)

These reactions are expected to be both time and temperature dependent. One
should be aware that, at a given temperature, a stable state of the bonding interface
is not achieved after a short time annealing. In order to ensure saturated values of
bonding energy, sufficiently long annealing time should be used [1].

In order to obtain a higher bonding toughness than with a simple annealing, the
wafers can also be subjected to a plasma treatment before bonding and annealing
[1,52]. Plasma surface treatments before bonding have been shown to induce strong
bonding energies even if a low temperature annealing is applied to strengthen the
direct bonding. The plasma medium consists of electrons, ions, radicals and UV
radiations. The plasma treatment can be considered as a combination of chemical
reactions (e.g. between surface bonds and radicals formed in the discharge volume)
and sputtering effects by ion bombardment. Moreover, plasma treatment effects
can include the transformation of surface liquid films (e.g. water for hydrophilic
surfaces) or surface contaminants (e.g. hydrocarbons) into volatile species, which
are evacuated by the pumping system. Then, the plasma treatment cleans the
wafers by eliminating hydrocarbons responsible of bubbles formation. Moreover,
oxygen radicals generated from the O, plasma atmosphere are also efficient enough
to be absorbed, leading to form S7 — O— dangling bonds, and finally to generate
St — O — H bonds with adsorbed water. These Si — O — H bonds are then
used as the precursors of the strong covalent Si — O — Si bonds connecting the
two wafers. Figure 4.6 shows the interface toughness measured for three different
surface treatments using the wedge opening method described in Chapter 3.

The first set of samples were subjected to a standard cleaning as described in
Section 2.2.1 and were then put in contact just before testing. The second set
of samples were cleaned, put in contact and annealed at 150°C for 150 hours.
Finally, the third set of samples were subjected to an O, plasma treatment before
contacting and annealing !. The different samples tested are then:

!These results were reported in Bertholet et al. [37]
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e non-annealed samples;
e annealed samples at 150°C for 150 hours;

e O, plasma treatment (10s, 20, 25 cm?®/min O, plasma, 4Pa ) before an-
nealing at 150°C during 150 hours.

Figure 4.6 : Fracture toughness for various surface treatments. The wedge velocity is
fized to 25 mm/min.

The toughness of bulk silicon is also shown in Figure 4.6 for the sake of comparison.
The toughness obtained for the different surface treatments are expected based on
the values reported in the literature when considering the chemistry of the interface
[1]. In non-annealed samples, only hydrogen bonds contribute to the adhesion of
the wafers leading to very small bond toughness. The annealed samples show
relatively good bond toughness due to the formation, during the annealing, of
Si — O — Si bond between the wafers [1]. Plasma treated wafers provide the
highest fracture toughness. The toughness is then so large that some specimens
failed by the crack kinking-off in the silicon substrate. The high value of bond
toughness obtained for O, plasma treated samples is due to the higher density of
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the Si — O — St bridges. There is thus no interest to look for procedures leading
to larger toughness. Indeed, if the toughness of the interface is too high, the crack
will propagate into the substrate. However, if the time of the plasma is too high,
the surface of the silicon wafers will be damaged and bubbles will occur at the

interface as seen in Figure 4.7.

(c) (d)

Figure 4.7 : Infrared images of Si/Si bonded wafers (a), (c) before and (b), (d) after
annealing at 400°C for 120 h and for Os plasma pretreatment exposure
time of (a), (b) 20 s and (c), (d) 3 s prior to bonding (from [53]).

More time has been spent to analyze in details the effect of the O, plasma treat-
ment.
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4.2.1 Optimization of the O, plasma treatment

This study was initiated by Dr. Zhang during his postdoctoral visit at UCL and
continued by B. Olbrechts (EMIC-UCL) in close collaboration with myself.

As previously explained, excessive plasma exposure raises the density of annealing
voids. The increase of the roughness of the wafers can explain partly this phe-
nomenon. Moreover extra bonding reaction products cannot be released from the
bonding interface [54], promoting the formation of bubbles during annealing.

The annealing voids density in Si/S10, or Si0Oy/Si05 wafer bonding can be re-
duced due to the absorption of byproducts by an SiO, layer. However, many an-
nealing voids were still found at the SiOy/Si0O5 bonding interface when a plasma
exposure time of 20 seconds was performed as surface pretreatment. When the
thickness of the Si0O, layer in a sandwich structure is lower than a critical value
[52, 54|, the reaction byproducts cannot be absorbed completely in the dioxide
layer leading to the formation of annealing voids. Therefore, as in Si/S7 wafer
bonding, O, plasma exposure time has an important impact on Si0y/Si0, wafer
bonding quality.

In order to prevent annealing voids and meanwhile to increase the bonding sur-
face energy, an optimal O, plasma exposure time has to be determined for Si/Si
and Si0y/S10y bonding interfaces. Toughness of the bonding as a function of the
plasma pretreatment duration is shown in Figure 4.8 for Si/Si and SiOq/Si04
bonding wafers annealed at 400°C for 120 hours.

Looking at Figure 4.8, we clearly see that the toughness first increases, reaches a
maximum and then decreases with the plasma exposure time. For shorter plasma
exposure time, the relatively low value of the interface toughness can be explained
by incomplete cleaning process. The presence of remaining hydrocarbons contam-
inants can then be responsible for this low value. After reaching a maximum, the
interface toughness of the bonding decreases whereas the scatter increases. These
variations are caused mainly by the presence of annealing voids which affect all
along the wedge test the measurement of the crack length. An optimal value for
the bonding energy associated to an uniform distribution of the bonding energy is
reached for 3 seconds O, plasma pretreatment prior to bonding for Si/S7 bonding
and 5 seconds for Si05/Si0y bonding. Moreover, the bonding energy variations
for Si05/Si05 bonded wafers are always smaller than for Si/S7 bonded pairs due
to byproducts absorption by dioxide layers at the interface.
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Figure 4.8 : Interface toughness as a function of plasma exposure time for Si/Si and
SiO4(100nm)/SiO2 (100nm) wafer bonding (from [54]).

4.3 Influence of the oxide layer type

This study was performed by B. Olbrechts (EMIC-UCL) in close collaboration with
myself and are presented in [55].

The presence of a silicon oxide layer can, in principle, lead to better bonding quality
by absorbing reaction byproducts during the bonding process.
Three main types of oxide layers can be used to bond two hydrophilic silicon wafers:

e native oxide present on top of silicon wafers or formed during wet chemical

cleaning;;
e dry or wet thermally grown silicon oxide;

e PECVD oxide.
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Native oxide formed by wet chemical cleaning has a high chemical reactivity (fast
formation of Si — OH groups on top of the silicon wafers surface) but the thick-
ness of this type of oxide is too small to absorb all the byproducts of the bonding
reaction and bubbles can occur during the annealing step.

It is not possible to use as-it PECVD oxide for bonding because of its high rough-
ness. Room-temperature pre-bonding is less effective than with the other types of
oxide leading to a poor bond toughness after the annealing step. Using a Chemico-
Mechanical Polishing (CMP) treatment reduces the roughness of PECVD oxide and
making the bonding possible. The toughness of SiO2(PECVD)/SiO2(PECVD) in-
terface have been measured for samples subjected to CMP and are presented in
Chapter 6.

In order to obtain thick oxide layers, dry or wet thermal oxides are grown on the
top of silicon wafers. A study of the influence of the oxide thickness coupled to the
plasma exposure time on the interface toughness of the bonding has been conducted

in order to optimize this process.
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4.3.1 Silicon oxide thickness and plasma exposure time

The evolution of the bond toughness with plasma exposure time for two silicon

oxide thicknesses is shown in Figure 4.9.

(b)

Figure 4.9 : Variation of the interface toughness of the bonding as a function of
Oz plasma exposure time for two different silicon oxide thicknesses.(a)
Si09(100nm)/Si02(100nm), annealed at 400°C during 120 hours, (b)
Si02 (400nm)/SiO2(400nm), annealed at 400°C during 70 hours (from

[53, 55]).
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Even if the annealing time is different between the two results, a shift of the maxi-
mum of the curve is clearly seen, moving from 5 seconds for silicon oxide thickness
of 100 nm to about 60 seconds for thickness of 400 nm. The increase of the plasma
exposure time required for reaching the maximum toughness is principally due to
the absorption of oxygen radicals (created during the plasma treatment and re-
sponsible for the formation of reactive Si — OH groups) by the silicon oxide layer
reducing the plasma surface activation efficiency [55]. Thicker silicon oxide layer
can absorb more oxygen radicals and the plasma exposure time needed to achieve
high interface toughness should thus increased.

In order to observe the influence of the total silicon oxide thickness (i.e. the
sum of the two silicon oxide thicknesses, one per wafer), two set of samples were
made. In the first set, each wafer is covered with silicon oxide (Si/5i0y//Si03/S1)
whereas in the second set, only one silicon wafer is covered by a silicon oxide layer
(Si//Si04/Si) such that the total silicon oxide thickness is the same for both sets
as sketched in Figure 4.10.

S1 wafer #1
. S1 wafer #1
: h,= h,+ ,
S102 hl 1 2 hz hz, 8102
I Bonding [
S1 wafer #2 interface |h Si0,
S1 wafer #2

(a) (b)

Figure 4.10 : Schematic illustration of the sandwich-like structures: (a) Si/SiOz or
(b) Si0O2/Si02 wafer bonding.
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The results are presented in Figure 4.11

Figure 4.11 : Variation of bonding energy as a function of the interfacial oxide thick-
ness for Si/SiO2 and SiO3/Si02 wafer bonding with Oy plasma surface
activation (from [54]).

When plotting the variation of the bond toughness as a function of the interfacial
oxide thickness (see Figure 4.10), the two bonding configurations (S5i/Si0Oy and
Si04/Si04) show very similar trends. Following these results, the vertical position
of the bonded interface in the sandwich-like structure does not seem to play a role
on the resulting bonding energy.
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4.4 Conclusions

The wafer bonding process requires to have an interface with a uniform bond qual-
ity (no voids allowed) and with the desired interface fracture toughness, often as
high as possible.

The uniformity of the bonding depends on the different ways the byproducts of
the polymerization reaction are evacuated. These byproducts, mainly water or
hydrogen molecules, can be trapped in the silicon oxide or in cavities made at the
interface or can diffused to the outer boundary of the samples. The thickness of
the silicon oxide on the top of the silicon wafers must be thick enough to absorb
all the byproducts. It is thus preferable to use an “artificial” (thermal or PECVD)
silicon oxide whose thickness can be controlled by the deposition process. However,
the roughness of these silicon oxide must be as low as possible in order to promote
a good pre-bonding step. Hence, polishing techniques (CMP, ...) must be used to
decrease the roughness of the silicon oxide layer if necessary.

After pre-bonding, an annealing step is necessary to increase the interface tough-
ness. This annealing favors the formation of strong covalent bonds (Si — O — S7)
across the two silicon wafers. Temperature and time of the annealing step have to
be optimized to reach the desired toughness and bonding uniformity. However, it
is important to note that the annealing conditions must be compatible with the
surrounding materials and is often limited to 450°C in CMOS and MEMS tech-
nologies.

Finally, plasma treatment of the silicon wafers before contacting is used to obtain
the higher interface fracture toughness. This treatment increases the reactivity
and the quantity of the —Si — OH bonds responsible of the pre-bonding between
the two wafers. The different parameters controlling the plasma treatment (power,
O flux, ...) and the exposition time must be optimized in order to reach the
higher interface toughness coupled with a perfect bonding uniformity. Moreover,
the optimized exposition time seems to be dependent of the silicon oxide thick-
ness, indicating that an optimization procedure must be performed for each type
of assembly.
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CHAPTER 5

Environmental and geometry
effects

Most of the microsystems are working under environmental conditions which can
affect their reliability. Particularly, the presence of water can influence the interface
between bonded wafers and affect the bond toughness. This effect is an important
issue for microsystems intended to work in relatively wet atmosphere or inside/or
with the presence of water (e.g. microfluidic devices).

In addition to these environmental effects, geometrical effects can also influence the
bonding of silicon wafers. These geometrical effects are mainly due to the design
of the microsystems consisting in the existence of bonded and unbonded areas of
various sizes. Moreover, geometrical irregularities of the silicon wafers (flatness,
roughness) can affect the bonding process occurring between two silicon wafers.
These geometrical effects are treated in the same chapter as the environmental

effects because they might be sometimes related.

5.1 Influence of environment on the fracture process

5.1.1 Theoretical background

Chemical process in crack propagation

This section is inspired by Chapter 5 of Ref. [31] which deals with subcritical chem-
ically affected crack propagation in brittle solids.

Most fracture processes take place in a chemically interactive environment. The
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effects of the environment on crack propagation can be strongly detrimental. One
of the most distinctive manifestation is a rate-dependent growth, even at a sus-
tained applied stress well below the "theoretical” strength. The first reported ev-
idence of "slow” crack growth was made on mica by the Russian school, following
Obreimoft’s experiment. In the late 1960’s, a series of studies on silicate glasses in
aqueous environments was initiated by glass scientists, notably Wiederhorn [56, 57].
Wiederhorn’s studies were to lay the groundwork for subsequent adoption of frac-
ture mechanics technique in the construction of v — G curves (with v is the crack
velocity and G is the mechanical energy release rate). Most of the results deter-
mined on different types of ceramics (typically glass, sapphire, mica, ...) fall into

a typical v — G curve presented in Figure 5.1.

Figure 5.1 : Schematic representation of the typical v — G curve (from [31]).

This typical curve can be divided into four regions implying transitions in the
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rate-controlling process as sketched in Figure 5.1.

e Region 0 is the threshold region and is difficult to establish from forward
velocity measurements alone, because of increasingly excessive time intervals

needed to measure velocities as the crack approaches equilibrium.

e Region [ crack-growth behavior is characterized by a dependence of crack
velocity on mechanical energy-release rate, G, and on the partial pressure of
water in the environment [56]. If one of these two quantities is increased, the
crack velocity is observed to increase. In region I, the crack velocity is reaction
rate limited, and, therefore, is controlled by the partial pressure of water in
the environment at any level of applied stress. The extreme sensitivity of the
velocity to applied load (see Figure 5.1) suggests exponential or power law
velocity functions with large coefficients or exponents in GG. Therefore, an

expression to the velocity in region I can be either

vy = voexp(%) (5.1)
where vy is the velocity in region I, vy is a parameter depending on the
partial pressure of water, the adsorption-desorption activation energy, the
lattice atoms spacing, the fundamental lattice frequency and the temperature,
« is an activation area, GG is the mechanical energy release rate, k is the
Boltzmann’s constant and T is the temperature

or
Vr = K[Gm (52>

where the constant K and the crack-growth exponent m depend on the ma-

terial and the environmental conditions.

e Region II crack-growth behavior is also characterized by a dependence of
crack velocity on the amount of water in the environment. In contrast to
region I behavior, however, the crack velocity in region II does not depend
strongly on the applied load. Theoretical interpretations of region II crack-
growth behavior lead to the conclusion that the crack velocity is controlled
by the rate of transport of water from the environment to the crack tip [56].

The velocity in region II can be written as:

Vir = K]]f(G) (53)
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where Ky is a constant that depends on the partial pressure of water, the
lattice atoms spacing, the temperature, the Boltzmann’s constant and the
molecular mass. The function f(G) is equal to CG where C' is a very low
constant. Thus, the velocity in region II varies relatively slowly with G.

Region III crack-growth behavior is characterized by a strong dependence
of crack-growth rate on the applied load, and by a complete absence of any
dependence of crack-growth rate on water in the environment. Region III
crack growth is controlled by fracture mechanisms that do not depend on
environment.
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5.1.2 Application to wafer bonding

In wafer bonding, where the link between the two silicon wafers is mainly due to
strong Si — O — Si covalent bonds (similar to the ones in glass), similar effects
can be observed. By varying the cracking velocity, v (which is equal to the wedge
velocity in the steady-state wedge opening test), it is possible to observe the de-
pendence of G, on v.

Figure 5.2 shows the variation of the fracture toughness as a function of crack ve-
locity for annealed samples (no specific surface treatment except cleaning followed
by a 150 h annealing at 150 °C) that we measured using the steady-state wedge-

opening test. A significant increase of the bond fracture toughness with increasing

Figure 5.2 : Variation of the crack velocity as a function of the interface toughness. The
measurements were performed on samples prepared by the same procedure
(no specific surface treatment - 150 h annealing at 150°C).

crack velocity is observed. At high crack velocity, the toughness reaches a plateau
value. Another plateau is also expected to appear at very low velocity [31, 42] (see
Figure 5.1). Models have been developed in order to describe this dependence of
G. on v and they have been found to accurately predict the relationship between
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moisture content and crack velocity for each region [31, 42, 58]. The basis for these
models is the reaction of a water molecule with the strained Si — O — S7 bonds at
the crack tip. This reaction can be divided in three stages as depicted in Figure
5.3.

Figure 5.3 : Three-stages interaction between a water molecule and strained crack-tip
silozane bond in glass: (a) adsorption, (b) reaction and (c) separation

(from [59]).

e (a) Adsorption. At small strains the water molecule attaches itself physically
to the bridging S7— O — Si bond. The electron orbitals in the water molecule
are tetrahedrally coordinated (sp® hybrids) about the oxygen, two forming
bonds with the hydrogen atoms (excess positive charge) and two forming lone
pairs (excess negative charge). Since the bond has also some polar character
(silicon excess positive charge), the water molecule aligns itself as shown in
Figure 5.3.

e (b) Reaction. At higher applied load, such that the bond is stretched, the
water molecule donates an electron to one of the silicon and a proton to the
linking oxygen. Two new Si — OH bonds are thereby formed.

e (c) Separation. After electron redistribution, the polar terminal bonds mu-
tually repel, thereby completing the bond fracture process.

Knowing how water molecules dissociate the covalent bond linking the two wafers,
it is possible to explain the three different regions of Figure 5.2 from a molecular
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standpoint.

Region III is found to be independent of environmental factors and dominated by
critical fracture events. At high crack velocities, water molecules do not have the
possibility to reach the crack tip, adsorb and react with the covalent bond. The
crack propagation behavior is then the same as if the test was performed in a vac-
uum chamber.

In region II, the crack velocity is found to depend strongly on the environment
and only slightly on the crack driving energy. Crack growth rates are such that
moisture must diffuse to the crack tip before the SiOs/H>0 complex can form.
Once the complex forms, crack extensions occurs. In this region, the crack velocity
is linearly dependent on the concentration of water vapor allowed by the diffusional

process.

In region I, when the crack velocity drops, H>O diffusion is no longer the rate lim-
iting step for crack advance. Rather, the crack velocity is now controlled by bond
rupture (Si — O — Si — 2Si0OH) and healing events (25iOH — Si — O — Si).

A threshold region (region 0 in Figure 5.1) is sometimes observed in very low crack
driving energies. In that case, the opening behind the debond may become too

narrow for a H,O molecule to reach the crack tip. This leads to a so-called "steric
hindrance threshold” [60].

The different models used to explain the v — G curves (firstly observed in ceramics
and particularly in glass) and the detailed expressions for the crack velocity in
the three regions can be found in [31, 56, 58, 61]. Because either loading and
environmental species influence crack growth rate in region I, let us focus on crack

growth in this region.

Region I crack propagation

Another manifestation of the influence of water molecules on crack propagation at
the interface of bonded wafers can be observed by performing static wedge-opening
test, i.e by inserting the wedge up to a given location, by leaving it fixed and by
recording the evolution of the crack length with time.
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The evolution of the crack length with time for an annealed samples (150 hours at
150°C) is shown in Figure 5.4.

Figure 5.4 : Increase of the crack length after stopping the wedge.

Extensive debonding of the Si/Si interface is typically found to extend by more
than 3 mm after stopping the wedge in 50% R.H. (relative humidity) laboratory
air at 22°C. Knowing the evolution of the debond length with time, it is possible
to determine the corresponding debond-growth rates as sketched in Figure 5.5.
The evolution of the crack velocity in region I is characterized by an exponential
or a power-law dependence of the applied load. Fitting the experimental data of
Figure 5.5 with a power or an exponential function gives:

e for data recorded after stopping the wedge (static test)

d
d—j —3.82 1070 G689 ; R? = (.9875 (5.4)

da

T 2.44 1071 £2196¢ . B2 — 0.9875 (5.5)
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Figure 5.5 : Debond growth rate, da/dt, as function of the debond driving energy, G,
in laboratory air (R.H. 50%) at 22°C. The points of Figure 5.2 belonging

to region I are also plotted.

e for data recorded during testing and corresponding to region I of Figure 5.2
(steady-state test)

da

= = 3500 1077 G R? = 0.9754 (5.6)
d
d—j — 1.086 10711 ¢1053G . B2 — 0.986 (5.7)

The difference between the two sets of data of Figure 5.5 comes from the slight
difference in toughness that can appear between two different samples, even if they
were submitted to the same surface treatment. However, the values of the different
coefficients of the fitting curves are in the same order, justifying that the rate
dependent crack propagation mechanism is the same for these two sets of data.
Moreover, the large coefficients or exponents in G indicate the extreme sensitivity
of the velocity to the applied load as suggested in Refs. [31, 56].

An important consideration for the present subcritical debonding phenomenon is
the existence of a debond-growth rate threshold value, Gy, below which debond
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growth is not observed. Such thresholds are typically observed during subcritical
crack-growth processes in bulk glasses at growth rates typically below 1071%m/s.
The threshold is thought to arise from adsorbate and corrosion products formation
along the crack surfaces which block access of the environmental species to the
crack tip.

Crack growth rates in region II and III cannot be fitted by typical relationships
because of the lack of experimental data. More information on the chemistry
occurring at the crack tip can be found in [31, 56, 57].

5.2 Influence of geometry effects on the bond

toughness

5.2.1 Influence of the flatness and the roughness of wafers

on the overall bond toughness

Surface flatness is a global, macroscopic measure (at a scale larger than the wafer
thickness) of the deviation of the front surface of a wafer from a specified reference
plane. During silicon wafer bonding at room temperature, each wafer of the pair is
elastically deformed to achieve conformity of the surfaces. During this stage, the
work of adhesion, W', must be sufficient to cause the wafers to deform elastically
in order for their surfaces to be in contact. This criterion can be rewritten:

S dUg

W=

(5.8)

where W is the work of adhesion, Ug is the elastic energy accumulated in the
wafers as they conform to one another, A is the area of interface created. The term
dUg/dA is a function of the wafer geometry and material properties and will be
referred to as the strain energy accumulation rate.

The contacting of two silicon wafers having opposite bowing as sketched in Figure

5.6 supports the building of high elastic strain energy in the wafers.

!The work of adhesion is equal to twice the surface energy, v, and is then almost equal to the
interface toughness.
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Figure 5.6 : Schematic of the bonding process. Wafers are contacted at a point from

which surface or electrostatic forces pull the wafers into contact.

For the particular case of Figure 5.6, the strain energy accumulation rate can be
determined (see Ref. [62]):

dUE_l 3 1+V
m—ﬂEhl(l_y)

where F is the Young’s modulus of the silicon wafers, hy is the thickness of the

(K2 — %1)2
1473

(5.9)

upper wafer, v is the Poisson’s ratio of silicon, k; and ko are the curvatures of
the silicon wafers and n = hy/hy. Note that the curvature, x is the inverse of the
curvature radius, R, and that k; = —ks in the case of the configuration shown in
Figure 5.6.

The typical curvature of silicon wafers being on the order of 0.01-0.1 m, the strain
energy accumulation rate, dUg/dA, ranges from 0.15 to 15 mJ/m?. Bonding will
thus occurs at room temperature if the surface energy is greater than 15 mJ/m?.
This is the case in hydrophilic bonding where an expected value for v is 80-100
mJ/m?.

When a crack propagates at the interface, the stored elastic energy (equal to the
strain energy accumulation rate i.e equal to 15 mJ/m?) will facilitate the crack
propagation and contribute to decrease the overall interface toughness. This neg-
ative contribution due to flatness variation of the wafers, called Goyrpature in Eq.
(3.20), can be easily determined. It is equal to the energy stored in the silicon
wafers i.e:

chrvature =15 mJ/m2 (510)

This value is largely lower than the value of interface toughness obtained after ap-
propriate surface and thermal treatments where a interface toughness larger than
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2 J/m? is expected. Therefore, the bending of wafers does not usually affect the
interface toughness of the final assembly.

Microroughness is a local, microscopic parameter of wafer surface quality that is
crucial for wafer bonding. Microroughness is usually characterized by the Root
Mean Square (RMS) value, abbreviated R,, which can be measured by Atomic
Force Microscopy (AFM). A value of R, less than 5 A is adequate for silicon wafer
bonding at room temperature via hydrogen bonds [63]. This average roughness
value is typical for commercially available prime grade bulk silicon wafers.
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5.2.2 Influence of long unbonded area on the quality of

wafer bonding

Most of the real microsystems including wafer bonding as a step of their fabrication
process present complex architecture. The bonding of patterned silicon wafers is
often necessary to achieve the complex structure of real MEMS as depicted in
Figure 5.7.
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Figure 5.7 : Cross section of a microperistaltic pump (from [64]).

Silicon wafers with channels were thus processed in order to study the influence
of patterns and unbonded areas on the bonding behavior. The description of the
fabrication steps required to make these channels is presented in Section 2.2.4.

As previously seen (see Section 4.1.2), bubbles can form during the annealing
treatment of the wafer bonding process. Such samples cannot then be used for
any applications and are often thrown away or recycled. One of the common
idea to avoid formation of annealed bubbles is to bond wafers (at least one) with
controlled cavities which should collect the byproducts of the chemical reactions
occurring at the interface. In Figure 5.8, wafers without (Figure 5.8 (a), (b)) and
with (Figure 5.8 (c), (d)) channels have been bonded and submitted to the same
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annealing treatment.

Figure 5.8 : Infrared transmission images for Oy plasma treated Si/Si wafers. Anneal-
ing conditions are: 120°C for 70 hours followed by a subsequent annealing
at 260°C for 90h in air. a) before annealing, without channels. b) after

annealing, without channels. c¢) before annealing, with channels. d) after
annealing, with channels.

It appears clearly that annealing bubbles are not present in samples with channels.
Indeed, byproducts of the polymerization reaction (see chemical reactions (4.3)
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and (4.4))(H,0 and/or Hs) can reach the cavities during the annealing stage and
escape from the interface. Thus, the byproducts cannot promote the formation of
bubbles during the annealing step.

5.2.3 Influence of long channels on the toughness of the

bonding

Samples with channels were tested using the steady-state wedge-opening test de-
veloped during this thesis and presented in Section 3.3.2. The orientation of the
channels is depicted in Figure 5.9.

| i |

| | ' | — U channels

&)

[01 0]‘ il o

wafers #1 wafers #2

flat

Figure 5.9 : Orientation of the channels of the specimens.

In all of the tested specimens, the wedge move down along the [010] direction,
parallel to the channels.
A cross-section of specimens with channels is presented in Figure 5.10.
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Figure 5.10 : Cross-section of the samples with channels: wy is the width of the bonded
areas contacting the two wafers and w, is the width of the channels.

Because of the presence of the channels, one needs to correct the relationship

 3ELH

Ge= 6 (5.11)

The interface toughness? must be scaled proportionally to the ratio of the total
area divided by the bonded area [41]:

3Ed*h? Aot
G, = 5.12
16@4 <Abonded) ( )

which leads for the channel geometry of Figure 5.10 to

o 3E?h? [wy + w,
° 16a* '

o (5.13)
Samples with channels (w,=400pm, w.=200pum) have been compared to samples
containing no patterns. The two sets of samples (with and without channels)
were subjected to the same surface activation (a 5 sec. Oy plasma activation) and
annealing step (10 h at 120°C). The evolution of the toughness as a function of the
cracking rate is shown in Figure 5.11 for the two types of samples.

2From a theoretical point of view, the interface toughness does not depend on the geometry
of the specimens. This the strain energy release rate that have to be scaled proportionally to
the ratio Atot/Aponded- However, in the tests developed in this thesis where crack propagates
continuously, G is always equal to G..
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Figure 5.11 : Interface fracture toughness, G., as a function of the cracking velocity
for samples without and with channels (w,=400pum-w.=200um). Surface
activation (5 sec. Oy plasma) and annealing step (10 h at 120°C).

The toughness of patterned samples is always lower than the toughness of sam-
ples made of two plain wafers whatever the cracking velocity. Different reasons
developed in the next sections can be proposed in order to explain this effect.

Influence of channels on the action of water molecules during crack

propagation

As previously seen in Chapter 5, the effect of water molecules can lower the interface
toughness by dissociating the strong covalent bond bridging the two wafers. Hence,
when one of the wafers is patterned with channels, the access of water molecules
to the crack front is increased as sketched in Figure 5.12. The easier access of
water molecules to the crack front could explain the low toughness of bonded
patterned wafers interface. Thus, samples tested at high crack velocity (10 mm/min
or higher) should not present any difference between samples with and without
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without channel with channels
H,0
H0 H,0
HzL(i JHZO H(i f 1,0 f jzo

crack front crack front

Figure 5.12 : Water molecules access to crack front for samples with and without chan-
nels. Note: in the case of samples with channels, only one channel was

drawn (patterned).

channels. As seen in Figure 5.11, the toughness at high crack velocity is different
for samples with and without channels and then, the easiest access to the crack front
for water molecules during crack propagation cannot explain the lower toughness
for patterned samples. If it is not during crack propagation, this easier access
of water molecules to the crack front can promote the decrease of the interface
toughness during the storage between samples fabrication and samples testing.
Indeed, water molecules trapped and circulating in the channels can promote the
dissociation of the strong covalent bonds and then decrease the toughness of the
interface. This assumption does not fit with many results of the literature [1] which
demonstrate that the toughness increases and reaches a constant value with the
storage time. The easiest access to the crack front for water molecules cannot thus
explain the lower toughness for patterned samples.

Influence of patterns on the contact wave propagation

When two silicon wafers are put in contact, a contact wave propagates from the
point of contact (ideally the center of the wafer) to the boundary of the wafer as
sketched in Figure 5.13. The presence of the channels could disturb the propagation
of the contact wave resulting in a lower quality pre-bonding when compared to

values involving no channels. In order to validate this assumption, samples with
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(o)

Figure 5.13 : Infrared picture of initiation and propagation of a bonding wave in wafer
bonding of a 4-in. silicon wafers. (a) Onset of the contact wave, (b)
extension after about 2 sec, and (c) complete bonding after about 5 sec.
The radial dark line comes from the tong used to initiate the bonding

(from [1]).

a particular arrangement of channels shown in Figure 5.14(a) were processed and
tested with the steady-state wedge test [43]. As shown in Figure 5.14(b), the

(A |
(a) (b)

Figure 5.14 : (a) Specific channel arrangement used to evaluate the influence of chan-

nels on the propagation of contact wave and (b) toughness of the different

samples (1, 2 and 3) (3s plasma Oz, 400° C-12h, 10mm/min) (from [43]).

toughness of samples located in regions 1 and 3 is similar to the toughness measured
for sample 2 (where bonding is initiated). Hence, the presence of the channels does
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not seem to perturb the propagation of the contact wave, the interface toughness
being the same in regions on both sides of the channels.

Influence of the contact width, w,

In order to understand the effect of channels, Zhang [53] modified the width of
the bonded area, w;, while keeping the width of channels, w. constant. The re-
sult is shown in Figure 5.15. On Figure 5.15, a second x-axis taken into account

Figure 5.15 : Fvolution of the toughness with the contact width, wy (from [53]). The
interface fracture toughness has been properly corrected following Eq.

(5.12).

for the conversion of the width of channels and the contact width into the ratio
Ajotal/ Avondea 18 also represented. The conversion was performed using the simple
relationship

Aoa C
total__ W e (5.14)

Abonded Wy
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Samples with lower contact area definitely present lower interface toughness. One
last possible explanation is developed in the next section dealing with the mechan-
ical influence of channels.

Influence of channels - Mechanical point of view [65]

The relationship (5.8) establishes the criterion for the pre-bonding step of bowed
silicon wafers. It is based on the competition between the adhesion work, W, and
the strain energy accumulation rate,dUg/dA. The presence of channels will reduce
the bonding area, dA. As the stiffness of the wafers is not significantly affected by
the presence of channels (the height of the channels is equal to 1 ym whereas the
thickness of the wafers is about 380 pm), the strain energy dUg that is required
to deform the wafers does not change significantly. So, the presence of the wafers
increases the value of the ratio dUg/dA leading to a less effective pre-bonding step.
This pre-bonding step playing a major role in the complete bonding process, this
less effective pre-bonding will lead to a lower final interface fracture toughness.

A “pre-bonding quality index” can be defined as:

dUg

and we can assume that the lower is the pre-bonding quality index, the lower will
be the final interface fracture toughness. In Figure 5.15, the samples having the
lower interface toughness have also the lower bonded area (and thus the lower "pre-
bonding quality index”).

5.3 Conclusions

Environmental and geometrical parameters can modify the behavior of the interface
subjected to external loading.

The effect of water molecules on the crack propagation along the interface must
be taken into account for technology development. Microsytems working in high
relative humidity environment or within water (e.g. microfluidic devices) will be

more likely to crack corrosion.

Patterns and cavities decrease the presence of bubbles and then lead to uniform
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bonding. However, the presence of these patterns decreases the toughness of the
bonding. Some tentative explanations have been given to explain this effect but it
is not yet fully understood. In order to fully explain the effect of channels on the
toughness of the interface, some other tests should be undertaken: modifying the
width of channels while keeping the contact width constant, modifying either the
width of channels and the contact width keeping the ratio A;piar/Apondea cOnstant
should explain more precisely the role of channels. Moreover, the effect of channels
may depend on the toughness of the interface and be increased/decreased for very
high bond toughness. These tips should be studied in future works in order to

explain the decrease of the interface toughness obtained with patterned wafers.



CHAPTER 6

Influence of a ductile interlayer on
the toughness

In microelectronics, ductile materials are used as interconnects between the differ-
ent levels of microsystems (Al, Cu,AlCu, ...), as metal contacts (W, PtSi, TiSis,
...) or as solder connections (PbSn alloys,...). These ductile layers also affect the
distribution of stresses into the systems when they are subjected to external or
internal (residual stresses of various origins) loading.

In this work, we were interested at looking at the effect of the presence of a ductile
layer close to the interface on the toughness of bonded wafers. This ductile layer
could be envisioned as a dissipative layer to protect the interface against debonding.

The first part of this chapter is dedicated to a theoretical modeling of the influence
a ductile interlayer on the global toughness of the assembly. A numerical study was
undertaken in order to analyze the influence of various parameters (mechanical and
geometrical properties of the ductile interlayer, strength of the interface) on the
global toughness. The parameters window in which first order effects are expected
was determined. Real samples with and without a ductile interlayer were then
processed and tested to verify the prediction of the model and demonstrate the
practical interest of the idea.

This ductile interlayer can also serve as a “strength sensor” allowing the determina-
tion of the strength of the interface. The procedure used to determine the strength
of interfaces is presented in the second section of this chapter.

109
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6.1 Influence of the ductile layer on the tough-
ness

Numerical study

6.1.1 Principle of the shielding dissipation by the interlayer

The geometry used is depicted in Figure 6.1.

f X

I 8i0, ] | si0, T, |
ductile layer ‘th ductile layer )y
silicon substrate h, silicon substrate h,

|

h, | silicon substrate

hp"ductile layer
______ h, §S10, mem

Si0, Jhy
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-

silicon substrate |h,

h 4

Figure 6.1 : Samples with ductile interlayers.

After depositing a ductile layer of controlled thickness (h,) onto the silicon sub-
strate of thickness, h,, a PECVD silicon dioxide of thickness, h,;, is deposited onto
the ductile interlayer surface. This silicon oxide is used to perform the bonding be-
tween the two wafers. Details about the fabrication of these samples can be found
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in Chapter 2. The influence of these ductile interlayers on the global toughness is
represented in Figure 6.2.

ductile
ductile layer layer

zone where >0,

(a) (b)

Figure 6.2 : Influence of the size of the stress field generated by the crack propagation.
(a) The size of the region involving intense stress field is too small and
does not generate permanent deformation in the ductile interlayers. No
effect on the overall interface toughness is then expected. (b) The size of
the region involving intense stress field is large enough to promote plastic
dissipation into the ductile interlayer. The toughness of the assembly will
be improved.

When a crack propagates, a stress field is generated ahead of the crack tip. De-
pending of the size of the region involving intense stress field, it will promote or
not a plastic permanent deformation into the ductile interlayers lying on both sides
of the crack plane. This plastic dissipation will thus increases the global interface
toughness of the assembly with ductile interlayers. In such samples, the global

interface toughness writes:
'=Iy+1, (6.1)

where I is the global interface toughness of the assembly, I'g is the intrinsic tough-
ness of the interface and I', represents the increase of toughness due to plastic
dissipation into the ductile interlayers. A multiscale numerical modeling strategy
(see Figure 6.3) has been used in order to define the parameter window for which
first order effects can be expected.
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The macroscopic scale (>1 mm) sketch is the typical geometry and loading
configuration used to estimate the interface fracture energy. The first level
window around the crack tip depicts the microscale problem (~ 1-5 pm),
involving the interface between two thin elastic layers (he ~ 50-500 nm)
obtained by molecular bonding, the ductile interlayers (h, ~ 100-2000 nm,)
on both sides of the elastic layers and the zone of large stresses surrounding
the crack tip. The stresses can be predicted quite accurately within the thin
elastic layer using linear elastic behavior and linear elastic fracture me-
chanics concepts except very near the crack tip within a zone of typically 5
atomic spacings. In the nanoscale zone (1-8 nm) shown on the lower-right,
the modeling of the non linear effects related to the large distorsion and
atomic plane separation requires the introduction of a traction-separation
law. The response of the metallic interlayer under stresses larger than
yield stress lead to plastic deformation and strain hardening mechanism
related to the generation and gliding of dislocations along slip systems. A

typical stress-response is shown in middle-right.

The different models used in this multiscale approach are presented in the next

sections.
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6.1.2 Constitutive models

a. The interface traction-separation law

Following earlier efforts by Tvergaard and Hutchinson [66], the fracture process at
the interface is modeled using a traction-separation law which relates the normal
stress, o, to the interface normal displacement, ¢, and which is characterized by the
fracture energy of the interface noted, I'y, and a peak stress noted, o.. A schematic
representation of this law is depicted in Figure 6.4.

Figure 6.4 : Schematic representation of a traction-separation law used to represent the

response of the interface.

This type of model is called a Cohesive-Zone Model (CZM) and it was extensively
used to model fracture at interfaces [36]. The traction-separation law proposed
by Tvergaard and Hutchinson [66] (the trilinear function of Figure 6.4) has been
chosen for this investigation.

The work of separation writes

Fo - Ucac (1 -

>\1+)\2) (6.2)

2



114 Chapter 6 : Influence of a ductile interlayer on the toughness

where 0. is the maximum separation (at fracture), o. the peak stress and A\; and A,
are two shape parameters of the curve. As discussed by Tvergaard and Hutchinson
[66, 67], the parameters A; and A\; are of secondary importance, and they will be
taken equal to 0.15 and 0.5 in this study.

b. Properties of the different layers

The different layers involved in the simulation were modeled using isotropic linear
elasticity for the two elastic layers (Si and Si0s):

o = Fe (6.3)

and the isotropic elastic-plastic J, flow theory for the ductile layer characterized

by the uniaxial tension behavior given by:

U:{Ee (o < 0p)

Tore (0> 00)

where F is the Young’s modulus, oy is the yield stress and n is the work-hardening

coefficient.

6.1.3 Numerical methods

The three layers are discretized according a typical finite element procedure (ele-

ments and nodes). The mesh used in the simulations is presented in Figure 6.5.

Zero displacements

!

I h=h,+h, +h,

imposed
wedge
displacement

crack tip

crack length, a

Figure 6.5 : FEM mesh used for modeling the opening wedge test with the steady-state

framework. Drawing not to scale.
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A linear kinematics finite element formulation for the study of steady-state crack
propagation in elastoplastic materials was first applied by Dean and Hutchinson
(1980) [68] and later implemented by several other authors [68, 69, 70]. This
formulation has also been applied to rate dependent fracture of epoxy by Landis et
al. [71]. The steady state FE method is based on finding an equilibrium solution for
the displacements based on a previous approximate distribution of plastic strains
in the ductile layer and then integrating the plasticity laws along streamlines to
determine new approximations for stresses and plastic strains. This procedure is
then repeated until convergence is achieved. More details about the formulation
of the code can be found in Ref. [72]. Since the test is symmetrical, only half
of the sandwich needs to be analyzed. Plane strain conditions are assumed. The
wedge is modeled with a fixed boundary condition at a normalized distance from
the plane of symmetry. Extremely fine meshes are required near the crack tip
between the two elastic layers to properly resolve the fracture process taking place
at the nanoscale and involving very small displacements. Very fine meshes are also
necessary within the ductile interlayer to get converged solutions. Note that the
analysis of the limit problem of a very thick ductile layer has been already provided
by Wei and Hutchinson [73].

Dimensional analysis of the problem
Dimensional analysis shows that the global toughness is a function of the following

r 0. B, hy T, E, E
—=F =L 2= — L Py : 6.4
T, <ao’o—0’"’ hp’aohp’Eel’Eel’Vl’Vp’V) (6:4)

where h; is the thickness, E; is the Young’s modulus, v; is the Poisson ratio of the

parameters:

different layers . The ductile layer is also characterized by oy, the yield stress and
n, the work-hardening exponent. The interface is characterized by the interface
toughness, I'y and the peak stress, o..

The different parameters involved in this analysis are summarized in Table 6.1

interface [y, 0.
silicon oxide het, Eei,Ver
aluminum | hy,, E,, vp, 0¢, 1

silicon hs, E, v

Table 6.1 : List of parameters involved in the dimensional analysis.
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The value of T" represents the overall toughness of the sample and is composed of

two terms:
'=Iro+T1) (6.5)

The value of I, required to calculate I', is computed using :

r - / oiyde?, (6.6)

where efj are the components of the plastic strains tensor.
One important parameter is the estimation of the size of the inelastic zone defined
as [74]:

E, Iy

This is the zone where the condition for plasticity is satisfied at initiation of cracking
if the ductile interlayer was infinitely thick.
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6.1.4 Numerical results

In most numerical results, the global toughness I' divided by the toughness of the
interface 'y is plotted as a function of the size of the inelastic zone Ry divided by
the height of the inner elastic zone, he;, as often presented in literature [73]. A

typical numerical result is shown in Figure 6.6. All of the predicted curves show

Figure 6.6 : Typical evolution of the overall toughness as a function of Ry/he; in the
presence of an interlayer with hy/he =10, o./o0=13, n=0.

the same evolution. First, the ratio I'/T'y increases with increasing Ry/he (zone
I), reaches a maximum (II) and then decreases (zone III). In the first zone, the
increase is due to an increase of the ratio I', /T, I', growing faster than I'y (I'y is
proportional to Ry). At the maximum of the curve, plasticity is fully developed
in the ductile interlayer and the ratio I',/T'y reaches a maximum. When Ry/hq
increases even more, I'y also increases whereas I', now increases much slowly than

Iy. Hence, the ratio I', /T’y decreases leading to a decrease of I'/L.



118 Chapter 6 : Influence of a ductile interlayer on the toughness

Influence of the ductile interlayer thickness

Figure 6.7 shows the effect of the thickness of the ductile layer on the global tough-

ness.

Figure 6.7 : Influence of the thickness of the ductile interlayer on the global interface
toughness of the assembly. The other parameters are: o./oo=13; n=0.1;
E,/00=1400 i.e. E,=70 GPa and c9g=50 MPa.

Thicker ductile layers allow much larger dissipation when increasing R,. The mag-
nitude of I', directly depends on the thickness of the ductile layer, h,. At the
maximum of the curve, the value of T, is equal to 6.27 J/m? for the thicker ductile
interlayer (h,/hy=10), 2.94 J/m? for the intermediate thickness (h,/h,=>5) and
0.77 J/m? for the thinner layer (h,/he=1) for values of T’y equal to 1 J/m? in the
three cases. Compared with samples without ductile layer, the toughness can thus
be improved by more than 700% for ductile interlayer ten times thicker than the
inner elastic layer. When the thickness of the ductile layer is reduced (e.g. for
h,/hea=1), the increase of the toughness is still equal to 77%.
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Influence of the ductile interlayer yield stress

Simulations have been run for three different ratio E,/0 equal to 200, 700 and
1400. These values cover most of the metallic materials. For instance, in aluminum
alloys (with £=70 GPa), yield stress ranging between 50 and 350 MPa are realistic.
Figure 6.8 shows the variation of the ratio I'/Ty as a function of I'g/(heog). The
x-axis parameter was modified because one must look here at the result for the
same [y and £ but changing only oy.

Figure 6.8 : Influence of the yield stress of the ductile interlayer on the global toughness
of the assembly. The other parameters are equal to: o./oo=13; hy/he=10,
n=0.1.

For low value of I'g, the largest increase of global toughness is obtained for the
low yield stress ductile interlayer. This trends is reversed when the toughness of
the interface, I'g, increases i.e. the global toughness becomes higher for the ductile
interlayer with the largest yield stress. At low values of I'y, the crack propagates
easily along the interface and the stress field intensity ahead of the crack tip is
relatively low. This low stress field allows plastic deformation only in lower yield



120 Chapter 6 : Influence of a ductile interlayer on the toughness

stress ductile interlayer, the higher yield stress ductile interlayer remaining elastic.
As the interface toughness increases, plasticity becomes fully developed in lower
yield stress interlayer whereas only the near-to-crack tip regions of high yield stress
ductile interlayer are deformed plastically. When the toughness of the interface
increases again, the value of I', increases slowly and finally saturates for ductile
interlayer with low yield stress leading to a decrease of the ratio I'/T';. On the
contary, in higher yield stress ductile interlayer, I', still increases faster than I’y
and the overall toughness keeps increasing further.

Influence of the work-hardening exponent of the ductile interlayer

The work-hardening exponent of a metal characterizes its ability to harden during
deformation. The influence of the work-hardening exponent on the global toughness
of the assembly is shown in Figure 6.9.

Figure 6.9 : Influence of the work-hardening exponent of the ductile interlayer on the
global toughness of the assembly. The other parameters are equal to:

oc/00=13; hp/he=10, E,/o0=1400 i.e. E,=70 GPa and c9o=50 MPa.

At low value of Rg/he i.e. when Iy is low, the largest increase of the toughness
is obtained with a ductile layer with the lowest work-hardening exponent. When
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Ry/he; increases, the best improvement of the global toughness is obtained with
an intermediate work-hardening exponent and we may expect that at higher value
of Ro/he;, the highest global toughness will be obtained with the highest work-
hardening exponent. This evolution matches the effect of oy presented in Figure
6.8.

Influence of the strength of the interface

Figure 6.10 shows the variation of the overall toughness, I'/T"y for different interface

strength o./0y.

Figure 6.10 : Influence of the strength, o. of the interface on the global toughness of
the assembly. The other parameters are equal to: n=0.1; hy/he =10,
E,/00=1400, i.e. E,=70 GPa and c9g=50 MPa.

The interface strength has a very important effect on the maximum toughening
which can be expected by inserting a ductile interlayer. Increasing the crack tip
stress increases the plastic work, I'y, hence the ratio I'/T'y. In Figure 6.11, the
global toughness is now plotted as a function of the ratio o./0y keeping the ratio
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Ro/he; constant as done in [73].

Figure 6.11 : Influence of the strength, o. of the interface on the global toughness of
the assembly. The other parameters are equal to : n=0.1; h,/he=10,
E,/00=1400. i.e. E,=70 GPa and co=50MPa.

For a given value of the ratio Ry/he i.e. a given value of the toughness of the
interface, I'y, the global toughness increases with the strength of the interface in
any case. If o./0g is smaller than 3, the yielding condition is never attained in
the ductile interlayer and I'y =~ 0 [66]. The increase of toughening with increasing
interface strength is very large when o./0q increases from 3 to about 5-7. Then
the the rate of increase levels off. Note that a maximum of toughening is attained
for intermediate value of Ro/h,.

It seems thus that an optimum in the value of I'y leads to a maximum increase
of the global toughness. Indeed, when the value of Iy is too large (Ry/he = 80
in Figure 6.11), the relative improvement of the global toughness is smaller than
for Ry/he = 50. This effect can be explained by the fact that if Iy increases, I,
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saturates leading to a decrease of the relative improvement of the global toughness.

An important outcome of this numerical study is the possibility to select the prop-
erties of the ductile layer leading to a high improvement of the global toughness,
I'. A thicker ductile layer with a low yield stress and a low work-hardening coeffi-
cient is the combination of the parameters providing maximum toughening for low
toughness interfaces, I'y. When the toughness of the interface increases, maximum
toughening is obtained for ductile layer with high yield stress and work-hardening

exponent.

6.2 Influence of a the ductile layer

Experimental results

The profilometer test method (presented in Chapter 3) was applied both on sam-
ples with and without a ductile interlayer deposited in between a silicon oxide and
the silicon substrate. The complete procedure used to manufacture these samples
can be found in Chapter 2. The main characteristics of the ductile layer and the
silicon oxide are recalled hereafter.

The ductile interlayer is made of pure aluminum deposited by an evaporation
process. The thickness of this aluminum layer is equal to 1 gm and its mechanical
properties are E=70 GPa and og is about 100 MPa (see Appendix B). The silicon
oxide involved in the bonding between the two wafers is a PECVD silicon oxide,
subjected to a CMP surface treatment in the two types of samples resulting in a
thickness of about 350 nm.

The crack length and the toughness! measured for the two types of specimens are

given in Figure 6.12.

!The relationship used to obtain the toughness from the crack length (see Eq. (3.30)) is only
valid in the elastic regime which is true here because the thickness of the ductile layer (1 pm) is
very small compared to the thickness of the silicon substrate (380 pm).
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(b)

Figure 6.12 : (a) Crack length values (thickness of the wedge=100um) and (b) fracture

toughness of samples without and with a ductile interlayer.
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The mean values of Figure 6.12 are summarized in Table 6.2.

’ ‘ Without ductile layer | With ductile layer

a [mm] 9.4+ 0.3 8.4+ 0.3
G, [J/m?] 22403 34405

Table 6.2 : Comparison of crack length (thickness of the wedge=100um) and toughness

obtained on samples with and without a ductile interlayer.

The effect of the presence of the ductile layer is obvious : the toughness of sam-
ples with ductile layer is larger than the toughness of specimens without ductile
interlayer. This relative improvement of the toughness is equal to

r 34

To =55 = 1.55. (6.8)
This increase of the toughness is still limited when compared to the maximum
possible toughening predicted by the model. This can be explained by the fact
that the ratio of the ductile interlayer thickness to the thickness of the elastic
layer, h,/he, is equal approximately to 3 (h, = 1um, hy = 350 nm). From Figure
6.7 and by calculating Ro/h; to be equal to about 5, a ratio I' /Ty between 1.5 and
2.5 is expected.

6.3 Inverse determination of the interface

strength

As previously explained in Section 3.4, the determination of the strength o is not
possible using a simple tensile test. A new methodology based on the coupling be-
tween experiment and simulation is proposed and applied on a first set of results.
More precisely, the idea is to study exactly the same interfaces in the presence of a
thin ductile interlayer inserted near the interface for the first type of samples and
without ductile interlayer for the second type. Interfaces with and without ductile

2

interlayer being exactly the same?, a unique common couple (T'g,0.) should be

2We assume that the interface is similar for the two types of specimens even if the deposition
of PECVD silicon oxide on a silicon substrate or on a aluminum thin layer can lead to silicon
oxide with different internal stresses and thus different chemical reactivity.
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found for these interfaces by using Eq. (3.30). The crack length of samples with-
out a ductile interlayer is determined from experimental tests. This crack length
is used to determine the interface fracture toughness, I'y, of the interface.

The crack length of samples with a ductile interlayer and the material properties
(E, 09, v, n) of the different layers (Si0Oy, Al and Si) are used as input in the
simulations. These material properties are determined previously by nanoinden-
tation (see Appendix B). By varying o, in the simulations, an infinity of couples
(T'p, 0.) which matches the experimental crack length can be found. The value of
[y is known from specimen without ductile layer and the value of o, can be thus
deduced from samples with ductile interlayer.

This procedure is schematically shown in Figure 6.13.

samples without ductile interlayer samples with ductile interlayer
experiment experiment
crack length, a crack length, a
3Ed2h3 . o .
FO = ool a : input in simulations
Interface fracture toughness, I, infinity of couples, (I'y, o.)

The interface fracture properties is the common couples, (I'y, o.)

Figure 6.13 : Schematic representation of the procedure used to determine the strength,

o¢, of the interface.


Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Polyligne 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Droite 

Sev & Yann
Polyligne 


Section 6.3 : Inverse determination of the interface strength 127

Applying this procedure to experimental results presented in the previous section
allows determining the properties of the (PECVD)SiOy/ (PECVD)SiO, interface.
The different couples (I'y, 0.) matching the experimental crack length of samples
with a ductile interlayer and the constant toughness of samples without a ductile
interlayer are plotted in Figure 6.14 for various ductile interlayer yield strength.
The intersection between the curves corresponding to specimens with a ductile
interlayer and the constant amplitude curve (specimens without ductile interlayer)
is the couple (I'y, o.) representative of the fracture properties of the interface.

Figure 6.14 : Influence of the yield strength of the ductile interlayer on
the determination of the characteristic couple (Lo, o.) of the
(PECVD)SiO2/(PECVD)SiO2 interface.

As seen on Figure 6.14, the interface strength, o., largely increases with the yield
strength of the ductile interlayer. The value of the yield strength of the ductile
interlayer determined by nanoindentation is equal to 100 MPa, giving a value of
interface strength equal to 350 MPa. This value is too low regarding theoretical
values obtained in the literature [44, 45]. However, the yield strength of fully
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constraint 1 gm Al layer can be higher than the value of 100 MPa determined on
free Al layer by nanoindentation. Increasing the yield strength of the Al interlayer
from 100 MPa to 150 MPa largely increases the interface strength and a interface
strength value, o., of about 5 to 10 GPa is expected, in better agreement with
theoretical values. The critical displacement at which fracture occurs, é., is thus
equal to about 3 to 6 A.



CHAPTER 7

Conclusions and Perspectives

Wafer bonding is a process by which two wafers adhere to each other at room
temperature without the addition of any macroscopic gluing layer.

Even if the process of molecular bonding has been known for many centuries, the
application of this process in the microelectronic industry emerged only since the
end of 70’s. Nowadays, the application of the wafer bonding process to silicon
wafers is largely used in the microelectronic industry for applications like pressure
sensors, accelerometers, epitaxial transfer layer, ...

Unfortunately, and particularly in the case of Micro-Electro-Mechanical Systems
(MEMS) where some parts of the system move during the operation of these de-
vices, the interfaces created by the wafer bonding process constitute a preferential
locus of failure and, thus, significantly decrease the reliability of the MEMS.

The improvement of the uniformity and strength of the “wafer bonding” interfaces
is thus a key for the large scale use of MEMS.

This thesis aimed at the determination and the optimization of the
cracking resistance of interfaces created by silicon wafer bonding.

Proper understanding of the molecular reactions occurring during the bonding process
and of the bond breaking phenomena is essential for correctly interpreting the ex-

perimental results.

The adhesion of two silicon wafers is due to the formation of strong covalent bonds

between the two wafers. This process is usually divided into three steps:

e the silicon oxide (native or “artificial”) covering the silicon substrate reacts

129
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with “external activators” (chemical species contained in the cleaning bath,
plasma activation, ...) and form silanol groups (—Si — OH ) on the top of the
silicon wafers surface,

e these silanol groups form weak hydrogen bonds with water molecules and,

previous weak links are achieved across the two silicon wafers,

e appropriate storage time and annealing transforms the weak hydrogen bond-
ing into strong covalent bonds (57— O — S7), responsible for the high strength
of “wafer bonding” interfaces.

The complete process is depicted in Figure 7.1.

Step 1 Step 11 Step 111
O
O O O
O O
N/ \éi 0
St é O \ O
4 Oy \J/
—H H 11 — S =
N \
HH \
H N )
= 0 — 81 —
9 : 010
Si\ 0 O
0\ 0 \
O Si

Figure 7.1 : Schematic representation of the chemical process occurring when two sili-
con wafers are contacted, stored and annealed.

The key point of the bonding process is probably the absorption of the byproducts
of the polymerization reaction. Indeed, the formation of the strong covalent bond

(S1 — O — Si) from two silanol groups produces water molecules:
25t —OH «— Si— O — Si+ Hy0. (7.1)

Unfortunately, these byproducts are responsible of the formation of large unbonded
areas and can promote debonding by dissociating the strong covalent bond. Some
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options can be used to absorb these byproducts. The byproducts can diffuse either
to the outer boundary or into the silicon oxide or are trapped into cavities etched
at the interface.

Optical and mechanical tests have been developed for determining the uniformity
and the strength of the “wafer bonding” interfaces.

The transparency of silicon to infrared radiation has been used to observe the
uniformity of the bonding and to determine the Si/Si interface fracture tough-
ness. A home-made steady-state wedge-opening test has been developed in order
to determine the interface toughness by measuring the crack length initiated at
the interface by the insertion of a wedge between the two silicon wafers [37]. The
originality of the steady-state wedge test is that it continuously measures the crack
length propagating at the interface. This method allows the determination of the
real crack length avoiding edge effects and misorientation that can result from a
manual insertion of the wedge. Using this technique, we have observed that the
highest interface fracture resistance is obtained when the silicon wafers are sub-
mitted to an optimized O, plasma treatment. These results have driven further
research on that specific surface treatment [53, 54]. In some cases, the interface
cracking resistance is so high that the crack propagates into the silicon substrate.
The annealing step is also necessary to obtain a high interface toughness. The main
interface toughness results obtained in the framework of this thesis are summarized

in Appendix A.

A second experimental method based on the measurement of the curvature of
wafers has been developed in order to measure the crack length resulting from the
insertion of a wedge. This method avoids the error made on the crack length mea-
surements by using IR radiation (see Appendix D) and allows the determination of
the interface fracture toughness of non-IR transparent assemblies. Unfortunately,
this method is only applied, for the moment, with the static version of the wedge
test. The continuous determination of the wafer curvature during a steady-state
wedge-opening test by using optical method (e.g. interferometry) could be an in-
teresting procedure for the determination of interface fracture toughness of bonded

walfers.
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Crack propagation is influenced by environmental chemical species, and particularly
water molecules.

The use of the steady-state wedge opening test has allowed evidencing the effect of
environmental species, and particularly water molecules, on the crack propagation
at the interface. Indeed, at low crack propagation rate, water molecules adsorb
on the covalent bond linking the two silicon wafers, dissociate it, resulting in a
lower measured interface fracture toughness. On the contrary, at high crack prop-
agation, environmental species do not influence the crack propagation process and
the “intrinsic” interface fracture resistance can be measured. This phenomenon
can reduce drastically the reliability of devices working in wet atmosphere (e.g.
microfluidic applications).

The interface fracture resistance of patterned wafers is lower than of plain wafers.

In real structures, bonded silicon wafers are often patterned. The cavities, required
by the design of the device, can be used to trap the byproducts of the polymeriza-
tion reaction. In order to observe the effect of these cavities, the influence of long
channels on the interface toughness has been studied. The conclusion was that the
interface toughness of patterned wafers is always lower than of plain wafers. The
influence of these cavities on the bonding and debonding behavior of silicon wafers
is still not fully understood. Some hypothesis have been advanced to explain this
effect:

e an influence of the cavities on the bonding wave propagation;

e an influence of the cavities on the elastic deformation energy stored in the
wafers;

e the cavities can contain chemical species which could promote an initial de-
crease of interface toughness during the storage time between the end of the
fabrication process and the testing of the specimens;

e an influence of the cavities on the action of water molecules during crack
propagation.

However, none of these assumptions were satisfactory to explain all the results. In
order to explain the decrease of the interface toughness in patterned silicon wafers,
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some complementary tests should be performed by varying the size and the space
between these long channels.

A ductile interlayer deposited in-between the substrate and the silicon dioxide is
used to increase the global toughness of the Si/Si assembly.

Modeling and simulations tools have allowed us to quantify the effect of a duc-
tile interlayer on the global toughness of the assembly. An increase of the global
toughness by a factor ranging between 3 and 7 can be obtained by adjusting the
mechanical properties and thickness of the ductile interlayer. Moreover, the nu-
merical method can be used to determine the geometrical and material properties
of the ductile layer leading to a pre-defined global toughness.

The specimens with a ductile interlayer have also been used in order to determine
the “theoretical” strength of interface that cannot be determined experimentally
by simple tensile tests. By coupling simulations and experimental results, we con-
clude that the “theoretical strength” of Si/Si interfaces depends largely on the
yield strength of the ductile layer. For a 1 pym thick Al layer with a yield strength
of 150 MPa, a value of the interface strength ranging from 5 to 10 GPa is expected.
This value is impossible to determine experimentally by tensile tests.

The three following sentences extracted from an article of the April 2006 issue of
“The international newsletter on micro-nano integration - MST News” show us the
importance of having reliable characterization, simulation and modeling tools for
improving fabrication and reliability of microsystems.

“Many typical applications of microtechnologies require very high reli-
ability, and suitable test methodologies, standards and instrumentation
are often missing.”

“From the modeling point of view, the most important challenges to
address are those tools supporting multiphysics, multiscale and mul-
tirate simulations. That means that several phenomena at different
abstraction levels shall be coupled.”
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“Design, modeling and simulation tools enable users to assess, in “real-
time”, concepts and options for a variety of complex products. Rapid
prototyping for micro- and nano-technologies will be delivered through
the integration of such tools within the fabrication process.”

At the scale of the silicon wafer bonding process which is more and more used in
microelectronic industry, this thesis proposes test methodologies for a proper de-
termination of the interface fracture properties (toughness and strength) of silicon
bonded wafers. The determination of the fracture toughness AND the strength of
“wafer bonding” interfaces is of practical importance for the future development of
devices or MEMS using wafer bonding as a step of their fabrication process. The
use of these properties in simple fracture models like cohesive-zone model will al-
low to predict the behavior of real structures under complex loading and guide the
designers for choosing geometry, materials and process to make MEMS reliable.



APPENDIX A

Summary of the main results

The main interface toughness results obtained in the framework of this thesis are
listed in Table A.1. For convenience, the standard cleaning procedure used in the
clean rooms of UCL is recalled hereafter.

The wafers are first dipped in a sulfuric solution (H3S04(96%) : HyO2(30%) =5 :
2) for 10 minutes at 100 °C. Next, the wafers are rinsed in two separate DI (de-
ionized) water containers for 5 minutes in each container. The wafers are dipped
again in a second sulfuric solution. The native oxide which can contain impurities
in the bulk or on the surface is then removed by dipping the wafers in fluorhydric
acid (HF 2%) for about 15 seconds. In order to recover the hydrophilicity of the
wafers, the wafers are dipped again in the second sulfuric solution. A clean “native”
oxide of a few angstroms is created. The wafers are finally rinsed and dried.
Wafers covered by thermal or PECVD oxide have been subjected to the same
cleaning sequence prior the oxidation step. After the oxidation step, the wafers
have been cleaned again following the same procedure except for the dipping in
HF which remove the silicon oxide.

Wafers covered with an aluminum thin layer and a silicon oxide thin layer (see
Chapter 6) are cleaned before aluminum deposition and after silicon oxide deposi-
tion except for the HF dipping.

The plasma treatment was optimized by Dr. Zhang during his postdoctoral visit at
UCL-EMIC. The parameters are an Oy flow of 100 sccm, 90mTorr chamber pres-
sure and about 300W bias. The wafers were exposed to an O, plasma treatment

during 5 sec.
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Surface treatment Annealing Cracking | Interface fracture
Conditions rate toughness
[mm/min] [J/m?]
standard cleaning and storage during 150 hours with a . 0.25 0.054+0.015
) No annealing
dead weight. 25 0.25+0.15
0.05 1.1%0.10
0.25 1.3%+0.10
standard cleaning and storage during 150 hours with a
: 150h @ 150°C 2.5 1.440.10
dead weight.
25 2.3+ 0.15
200 2.2£0.10
standard cleaning, O, plasma treatment 0.25 2.607+£0.30
20W-10s-4Pa. d st during 150 h ith 150h @ 150°C
( .m a.) and storage during ours with a o5 3.300.95
dead weight
0.1 2.2+0.10
1 2.7£0.10
standard cleaning and optimized Os plasma treatment. | 10h @ 120°C
10 3.5£0.20
50 3.9 £ 0.20
standard cleaning, PECVD oxide, KEMESYS CMP
o 24h @ 120°C 10 2.2+0.30
and optimized O, plasma treatment.
standard cleaning, 1 ym Al interlayer, KEMESY'S
CMP, PECVD oxide, KEMESYS CMP and optimized | 24h @ 120°C 10 3.4+0.50

0, plasma treatment.

Table A.1 : Summary of the main results obtained in the framework of this thesis.




APPENDIX B

The nanoindentation technique

The instrumented nanoindentation technique is used in order to determine the
mechanical properties (Young’s modulus, F and hardness, H) of thin layers (SiO,
and Al) deposited on the silicon substrate . This technique allows the measurement
of several mechanical properties at the sub-micron scale and is, therefore, well
suited for thin layers with thickness varying between 5 nm and 5 pm.

First, the basic principles of nanoindentation are presented. The application of
this technique to thin films and the modifications used to take into account the
substrate effects on the measurements are presented in the second section.

Finally, results obtained on silicon, silicon oxide and aluminum are presented.
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B.1 Experimental setup

The basic principle of any indentation technique is to penetrate a material with
a tip of known and controlled geometry. The complete system is shown in Figure
B.1.

Video Video
Display Transducer |« Display
Monitor Monitor

SPM Transducer
Computer Actuator Computer

A b

Microscope

A 4 A 4
SPM Transducer
Controller —>*  Controller

f— Signal Z-axis feedback
Adaptor

Figure B.1 : Block diagram of nanoindenter coupled to AFM system.

In our case, the nanoindenter is mounted on an Atomic Force Microscopy (AFM)
system that allows imaging surfaces before and after indentation. Parts of the AFM
system are represented in Figure B.1 in non-shaded boxes whereas the nanoinden-
tation system is represented in shaded boxes. The two most important components
are the piezo-actuator which allows the surface to be scanned by the indenter tip
and the transducer (a three-plate capacitive force/displacement sensor). A cross
section of the transducer is shown in Figure B.2.

Figure B.2 : Cross section schematic of the transducer.
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This transducer generates the load force and simultaneously measures the force
and resulting displacement.
A typical load/displacement curve is shown in Figure B.3.

load, P

displacement, 4

Figure B.3 : Typical load-displacement obtained during a nanoindentation test.

B.2 Determination of the mechanical properties

by nanoindentation

B.2.1 General analysis

The recorded force-displacement curve allows the determination of the Young’s
modulus and the hardness of the indented material . The method relies on that
the displacements recovered during unloading are largely elastic, in which case
elastic punch theory [75] can be used to determine the modulus, E, from a simple
analysis of indentation load-displacement data. Referring to the schematic plot of
indentation load, P, vs displacement, h in Figure B.3, the most classical method
relates E to the initial unloading stiffness, S = dP/dh. The basic assumption is
that during the initial withdrawal of the indenter, the contact area between the
indenter and the specimen remains constant, in which case the analysis of Sneddon
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for the indentation of an elastic half space by a flat, cylindrical punch approximates
the behavior [75]. Sneddon’s analysis leads to a simple relation between P and h
of the form:

dpa

pP= h (B.1)

1—-v
where a is the radius of the cylinder (the area of the contact circle, A is then
ma?), p is the shear modulus that can be related to the elastic modulus through
E =2u(1+4v), and v is the Poisson ratio. Differentiating P with respect to h leads
to:

dP 2 E
S = — = /A= B.2
dh 7 1—v? (B:2)
It is thus seen that the modulus can be computed directly from the initial unloading
slope, provided a reasonable estimate of Poisson ratio and an independent measure
of the contact area, A, are available. This contact area is determined using a
specimen of well-known properties (F, v) and by using Eq. (B.2). Contact areas

for several common indenter geometries are shown in Figure B.4.

(@) &) () .

Figure B.4 : Projected contact area for different type of indenter tip: (a) conical; (b)
Vickers; (c¢) Berkovich.

In the case of the indenter itself has finite elastic constants, E; and v;, so that its
deformation contributes to the measured displacement, it is convenient to define a
reduced modulus, E,,

— = +—". (B.3)
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The relationship (B.2) reduces then to:

dpP 2

S=—r= ﬁﬁﬂ. (B.4)
It is important to note that as derived, Eq. (B.4) is formally limited to those
instances which the indenter behaves as a flat cylindrical punch. Nevertheless, the
indenters used most commonly in load-displacement sensing indentation techniques
are not flat punches, but rather square-based or triangle-based pyramids (Vickers
or Berkovich indenters). However, it has been shown recently that relationships
(B.2) and (B.4) are more universal than has generally been recognized. In fact,
these equations are valid for any indenter whose geometry can be described by a
solid of revolution with a smooth function (cone, sphere, paraboloid of revolution,
...) [76]. Unfortunately, Berkovich and Vickers indenters cannot be described as
bodies of revolution, but it appears that even this does not place severe restrictions
on the use of Eq. (B.4). This last conclusion has been derived from 3D finite
element calculations of the load-displacement characteristics of an elastic half space
deformed by flat ended punches with circular, triangular and square cross section
performed by King [77]. The latter two geometries, which cannot be described as
bodies of revolution, are the flat-ended equivalents of the Berkovich and Vickers
indenters. King found that for all three geometries, the unloading stiffness is given
by

P 2
S=—= ﬁﬁﬂa (B.5)

where the values of the constant ( are listed in Table B.1.

circular:  ($=1.000
triangular: ($=1.034
square: £=1.012

Table B.1 : Values of the constant (3 for the three typical geometries of indenters
(from[77]).

The relationship (B.5) is similar to Eq. (B.4) except for the geometric factor [
which deviates from the circular one by only 3.4 % and 1.2 % for the triangular and
square geometries respectively. Vlassak and Nix [78] later conducted independent

numerical calculations for the flat-ended triangular punch using a more precise
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method and found a higher value of 3=1.058. Hendricks, noting that the pressure
distribution for elastic deformation by a flat punch is not representative of the real
elastic-plastic problem, adopted another approach to estimate § [79]. Assuming
the pressure profile to be perfectly flat, he used simple elastic analysis procedure to
show that 3=1.0055 for a Vickers indenters (square-based pyramid) and 5=1.0226
for the Berkovich. Larson et al. [80] conducted full 3D finite element calcula-
tions of true Berkovich indentation for a purely elastic material and four different
elastic-plastic materials that simulate the behavior of aluminum alloys. For the
purely elastic material, they found that g = 1.14. However, this solution applies
to indentation of flat, elastic half-space and thus inherently ignores the fact that
plasticity severely distorts the surface during the formation of hardness impression.
Because of this, one might expect better results from the elasto-plastic simulations
because they account for plasticity. For the four elastic-plastic materials examined,
the value # = 1.034 suggested by King was found to work well, producing errors
no more than 6.5 % in the contact area and hardness.

The wide range of 3 values makes it difficult to decide for a single preferred value.
However, there are strong reasons to expect that 3 for the Berkovich indenter
should be greater than unity. The deviation from circular cross-section appears
to play an important role, as does the fact that the original analysis from which
Eq. (B.5) was derived ignores the radial displacements of the surface for a conical
indenter. Ignoring values coming from elastic analysis, the remaining values fall in
the range 1.0226 < 8 <1.085. Thus, $=1.05 is probably a good choice , with a po-
tential maximum error of approximately +0.05. Carefully performed experiments
and 3D finite element simulations that take care to insure good convergence and
accuracy could help resolving this issue.

Looking at Eq. (B.5), the two parameters we need to determine the Young's
modulus are the initial unloading stiffness, S = dP/dh, and the contact area of the
indenter, A. Moreover, the hardness of the indented material can be determined
by

(B.6)

where P, is the maximum force imposed to the indenter and A is the contact
area of the indenter.
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Determination of the initial unloading stiffness, S

Unloading data are well described by a power law relationship:
P =K(h—hg)" (B.7)

where the constants K, m, and hy are all determined by a least square fitting pro-
cedure. The initial unloading slope S is then found by analytically differentiating

this expression and evaluating the derivative at the peak load and displacement.

_dp

S = —
dh |,

= mK (hmaw — hy)™ . (B.8)

max

Determination of the contact area A

Figure B.5 shows a cross section of an indentation profile and the definition of the
parameters used in the analysis.

surface profile after load removal 1
P

indenter
initial surface

surface profile under load

Figure B.5 : A schematic representation of a section through an indentation showing

the various parameters used in the analysis.

At any time during loading, the total displacement h is written as
h=h.+ hs (B.9)

where h, is the vertical distance along which contact is made (hereafter called the
contact depth) and hy is the displacement of the surface at the perimeter of the
contact. At peak load, the load and displacement are P,,,, and h,,,., respectively.
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Upon unloading, the elastic displacements are recovered, and when the indenter
is fully withdrawn, the final depth of the residual hardness impression is hy. The
experimental parameters needed to determine hardness and modulus are shown in
the schematic load-displacement data in Figure B.6.

Load, P

possible
range for h_

JAK
h_for e=1 h_for £=0.72

Figure B.6 : A schematic representation of load vs. indenter displacement showing the

parameters used in the data reduction, as well as graphical interpretation
of the contact depth.

The area of contact at peak load, A, is determined by the geometry of the indenter
and the depth of contact, h.. The area of contact can be described by an area
function F'(h) which relates the cross-sectional area of the indenter to the distance
from its tip, h. Given that the indenter does not itself deform significantly, the

projected contact area at peak load can then be computed from:
A= F(h,). (B.10)

The functional form of F' must be established experimentally prior to analysis by
indenting a material of well-known mechanical properties (E, H). In order to
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determine the contact depth from experimental data, it is noted that:
hc = hmax - hs‘ (B].].)

Since h,,q.. can be measured experimentally, the key to the analysis is to infer the
displacement of the surface at the contact perimeter, hg, from the load-displacement
data. The deflection of the surface at the contact perimeter depends on the indenter
geometry. For a conical indenter, Sneddon’s expression [75] for the shape of the

surface outside the area of contact can be used to give:

Pmam
S

where the geometric constant € is given in Table B.2 for different tips geometry.

hs =€ (B.12)

Conical: e =0.72
Flat punch: e=1
Paraboloid of revolution: € = 0.75

Table B.2 : Value of the constant € for different geometries of the indenter.

The contact depth can then be determined by inserting Eq. (B.12) into Eq. (B.11):

Pmaz
S

where all the parameters are known from the load vs displacement curve (see Figure

he = hpaz — € (B.13)

B.6). It is now possible to determine the Young’s modulus and hardness of the

indented materials:

B, - Y75

Pmar
H=—" (B.15)

where S is the initial unloading slope, A = F'(h.) is the contact area, Pp,q, is
the maximum force and [ is a constant dependent of the shape on the indenter.
Unfortunately, the use of these relationships can lead to relatively large errors on
the values of ¥ and H. These errors are mainly due to errors on the determination
of the contact area A = F'(h.). Indeed, contact area may be modified by pile-up and
sink-in effects occurring when an elasto-plastic material is indented as explained in
the next section.
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B.2.2 Pile-up and sink-in

In an indentation into an elastic material, the surface of the specimen is typi-
cally drawn inwards and downwards underneath the indenter and sinking-in occurs.
When the contact involves plastic deformation, the material may sink-in or pile-up
around the indenter. Pile-up and sink-in are shown in Figure B.7. The influence
of these two effects on the contact area are also shown in Figure B.7.

(a) (b)

Figure B.7 : Piling-up (a) and sinking-in (b) occuring during an indentation test. The
effect of pile-up and sink-in on the contact area are shown on the plan
view of indentation. Dashed lines represents the indenter cross-sectionnal
area and solid lines represents the actual contact area.

A well-annealed soft metal that exhibits a high strain-hardening rate will tend to
show far-field plasticity. Strain hardening near the indenter tip will cause plastic
deformation to occur further and further away from the contact, causing material
to be displaced far away from the indentation and resulting in sink-in behavior.
This sink-in of the surface causes the actual contact area to be smaller than the
cross-sectional area, A = F'(h.), of the indenter at this depth. By contrast, strain-
hardened materials and metallic glasses that exhibit a low strain-hardening rate
will deform more locally, creating a pile-up of material against the sides of the
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indenter. The displacement of the material near the indentation results in a sig-
nificant increase in contact area into a given depth.

Some techniques are proposed in the literature to take account the effect of pile-up
and sink-in on A [81, 82]. Chen and Vlassak [26] make a comprehensive analysis of
nanoindentation with full account of pile-up and sink-in. In Figure B.8, a compar-
ison between the Oliver and Pharr model presented in Section B.2 and a numerical
study of the indentation process shows that for hard materials (characterized by a
low value of the parameter Etan(f,)/o,), there exists a good agreement between
the analytical model of Oliver and Pharr and the numerical study.

Figure B.8 : Plot of the normalized height of pile-up as a function of the yield strength
(from [26]).

The value of (j is about 20° and is equal to 90°—a where « is the half apex angle of a
rigid cone indenter. This type of indenter was chosen for FEM analysis, so that the
ratio of cross-sectional area to indentation depth is the same one as for a Berkovich
or Vickers indenter. The value of 0,/d is the height of the pile-up divided by the
indentation depth. This parameter is negative for material presenting sinking-in
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and positive for materials showing piling-up effect. The mechanical properties (F,
H) of hard materials presenting sink-in can thus be determined using the Oliver
and Pharr method. However, this model cannot be applied to indentations in soft
materials. The discrepancy between the Oliver-Pharr model and the FEM results
for large values of Etan(fy)/o, is of course due to pile-up of material around the
indenter and can lead to an underestimation of the contact area by as much as
66%. Numerical study have shown that extended pile-up occurs in materials where
hy/hmar > 0.7 (see Figure B.6) [83]. In an indentation experiment, care must be
exercised when Ay /hpq, > 0.7, as use of the method can lead to large errors in the
contact area. On the other hand, when the pile-up is small (i.e; hs/hpe, < 0.7),
the contact areas A(h.) given by the classical method match very well with the
true contact ares obtained from finite element analysis. As a practical matter, if
there is suspicion that pile-up may be important based on the value of hys/hpas
and /or other independent knowledge of the properties of the material, indentations
should be imaged to examine the extent of pile-up and establish the true area of
contact. For Berkovich indenter, indentations with a large amount of pile-up can
be identified by the distinct bowing out at the edges of the contact impression. If
pile-up is large, accurate measurement of H and E cannot be obtained using the
contact area deduced from load-displacement data; rather, the area measured from
the image should be used to compute H and E from Eq. (B.14) and Eq. (B.15).
Cheng and Cheng developed a method that can be used to correct for pile-up in
a manner that does not involve imaging the contact impression [84, 85, 86]. The
method they proposed, based on finite element calculations, to account for pile-up
is based on the work of indentation [86], which can be measured from the areas
under indentation loading and unloading curves. They established two independent
relationships between H and E allowing the determination of these two parameters:

Wiet — Wy H
USRS D ) Sk B.16
Wtot Er ( )

4 Pmaz o H
T B (B.17)

where Wy, is the total work of indentation (area under the loading curve) and W,
is the work recovered during unloading (area under the unloading curve). These
quantities are all measurable from load-displacement data. Unfortunately, these
method has never been tested experimentally.
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B.2.3 Application of nanoindentation to thin films

Determination of the mechanical properties of thin films on substrates by inden-
tation has always been difficult because of the influence of the substrate on the
measured properties [26, 87, 88]. The indentation response of a thin film on a
substrate is a complex function of the elastic and plastic properties of both the
film and substrate. The standard method used for extracting properties from the
measured load-displacement data were developed primarily for monolithic mate-
rials [89]. These same methods are often applied to film/substrate systems for
determining film properties without explicit consideration of how the substrate in-
fluences the measurements. In order to measure film-only properties, a commonly
used rule of thumb is to limit the indentation depth to less than 10% of the film
thickness [89]. Unfortunately, this rule cannot be applied in the case of very thin
film and is sometimes too restrictive when dealing with soft films on hard sub-
strates as seen hereafter. In our case, we have to determine the properties of Al
layers on Si substrate. In Figure B.9 [26], the ratio H/H, is plotted versus the
normalized indentation depth 6/h for the case of soft film on hard substrate. H is
the hardness of the film material, H, is the hardness of the bulk material, § is the
indentation depth and h is the film thickness.

Soft Film on Hard Substrate
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Figure B.9 : Variation of the normalized film hardness with normalized indentation

depth 6/h as a function of o¢/os (from [206]).
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Figure B.9 shows that the value of the ratio H/H, remains constant and equal to
1 until the indentation depth is about 50% of the film thickness. This criterion
is then less restrictive than the 10 % criterion allowing larger indentation depth
in such type of film/substrate combination. This 50 % rule cannot be used in
other configurations than soft film on hard substrate as explained in details in [26].
For the case of S0, films on silicon substrate, this rule cannot thus be applied.
However, as shown in Figure B.10, the normalized hardness H/H, remains constant
and equal to 1 for material having the same mechanical properties (£ and o,) for
normalized indentation depth §/h ranging from 0.2 to 1. Silicon and silicon dioxide
presenting almost the same stiffness [24], the indentation depth will be not limited
by the influence of the substrate. However, this indentation depth was limited to
50% of the film thickness as for aluminum films.

Figure B.10 : Variation of the normalized film hardness H/Hy with normalized inden-
tation depth 6/h as a function of oy/os for material having the same
Young’s modulus E (from [26]).
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B.3 Determination of the mechanical properties
of the S7 substrate, Si0Oy, and Al thin layers

by nanoindentation

B.3.1 Nanoindentation of silicon

The silicon wafers used in the framework of this thesis were 3in. commercially
available one-side polished, (100) oriented, p-type and 15-25 Qem resistivity. The
evolution of the hardness and Young’s modulus of the silicon is shown in Figures
B.11 and B.12. The evolution of hardness of S7 with indentation depth is relatively
constant equal to about 10 GPa.

Figure B.11 : FEvolution of the hardness, H, of silicon for various indentation depths.

This value is in agreement with values from the literature [90].
The value of the Young’s modulus decreases from a value of 165 GPa to about 125
GPa with indentation depth.
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Figure B.12 : FEvolution of the Young’s modulus, E, of silicon for various indentation
depths.

The decrease of the Young’s modulus can be explained by the phase transformation
of silicon during a nanoindentation test. Indeed, it is well known from experiments
and theoretical studies [91, 92, 93] that silicon transforms from the diamond cubic
structure (dc) denoted Si — I into the metallic f-tin structure (Si — I7) under
an hydrostatic pressure in the range of 11-13 GPa. On release of the pressure,
the material first reverts to Si — X11(r8) and then to Si — I1I (bc8) [93]. This
multiple transformation can influence the shape of the unloading data and thus
the initial unloading stiffness, S, leading to a decrease of the Young’s modulus (see

Eq. (B.4)).

B.3.2 Nanoindentation of PECVD silicon oxide

The hardness and Young’s modulus of the PECVD silicon oxide are shown in Fig-
ures B.13 and B.14. As explained in Section B.2.3, the difficulty of measuring
mechanical properties of thin film is due to the influence of the substrate on the
response of the nanoindenter. This substrate effect can lead to errors in the deter-
mination of the properties of the thin film. In the case of a Si05 film, the influence
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of the St substrate is relatively small because of the similarities in the mechanical
properties of St and S10Oy. However, the indentation depth was limited to half the
film thickness which is equal to 1 gum in our case. The hardness of the PECVD sili-
con oxide is about 9-10 GPa (see Figure B.13) except for the first three results that
show a lower hardness for smallest indentation depth. These “outside-the-range”
results can be explained by the difficulty of performing correct measurement and
treating them at this relatively small depth.

Figure B.13 : FEwvolution of the hardness, H, of a 1 um thick PECVD SiOs layer with
indentation depth.

The values of the Young’s modulus of PECVD silicon dioxide obtained by nanoin-
dentation range from 75 GPa at low indentation depth to 110 GPa at higher inden-
tation depth. Even if the true value of the Young’s modulus of silicon dioxide lies
in this range of values, this large variation indicates the difficulty of determining
the properties of thin films on substrate with the nanoindentation technique.
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Figure B.14 : Fvolution of the Young’s modulus, E, of a 1 um thick PECVD Si0Os
layer with indentation depth.

B.3.3 Nanoindentation of thermal silicon oxide

The hardness and Young’s modulus of the thermal silicon oxide are shown in Fig-
ures B.15 and B.16. The value of the Young’s modulus is equal to 75 GPa and is
in good agreement with values coming from literature [24]. The value of hardness
is also a typical value for a silicon oxide.
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Figure B.15 : Fvolution of the hardness of a 1 um thick thermal SiOo layer with the
indentation depth.

Figure B.16 : Fvolution of the Young’s modulus of a 1 um thick thermal SiOsy layer
with the indentation depth.
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B.3.4 Nanoindentation of aluminum thin layer deposited

by evaporation

The Young’s modulus of aluminum thin films obtained by an evaporation process

is shown in Figure B.17.

Figure B.17 : FEwvolution of the Young’s modulus of a 2 um thick Al layer deposited by
evaporation with the indentation depth.

The Young’s modulus of aluminum increases from 80 to 100 GPa. These values are
higher than typical Young’s modulus values (around 70 GPa). The overestimation
of the Young’s modulus is due to the wrong determination of the contact area when
using the Oliver and Pharr (O&P) method. Indeed, the O&P method does not take
into account pile-up effects appearing during the indentation of soft metals. The
contact area, A, determined by the O&P method is thus underestimated leading
to an overestimation of Young’s modulus and hardness (see Eq. (B.14) and Eq.
(B.15)).

However, it is possible to correct the hardness value by considering that the Young’s
modulus has a constant value equal to 70 GPa in the case of aluminum thin films.
By rearranging Eq. (B.14) and Eq. (B.15), we obtain that:

. 462PmamE3

H
752

(B.18)
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The determination of the hardness considering that the Young’s modulus of thin
film is constant is called the E.,,stant method in the rest of the document.

The evolution of the hardness obtained with the two different methods (O&P and
Eeconstant) 18 plotted in Figure B.18. The O&P method gives a quite constant
hardness value whereas the hardness obtained with the E.,,st0n: method decreases
and reaches a plateau value of approximately 300 MPa. This decrease of hardness
with the indentation depth is typical of soft metals and is explained in details in
[94].

Figure B.18 : Ewvolution of the hardness of 2 um thick Al layer deposited by evaporation
with the indentation depth.

The hardness of the aluminum is quite low indicating a low value of the yield
stress. According to [26], the value of the yield stress can be obtained by dividing
the hardness by a factor 3 in the case of soft materials. The value of the yield

stress is thus:

H 300

oy~ — = —— = 100 MPa. (B.19)
3 3

This value of 100 MPa obtained for the yield stress is expected for pure aluminum

thin films [23].
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B.3.5 Nanoindentation of aluminum thin layer deposited

by sputtering

Aluminum thin films deposited by sputtering are composed of 99 % of aluminum
and 1 % of silicon. The evolution of the Young’s modulus with the indentation
depth is depicted in Figure B.19.

Figure B.19 : Evolution of the Young’s modulus of 2 um thick Al layer deposited by
sputtering with the indentation depth.

As in the case of aluminum deposited by evaporation, the Young’s modulus of
aluminum thin film (determined according to the O&P method) increases with
indentation depth. The indentation depth being below the 50%, the substrate does
not influence the determination of the Young’s modulus. The wrong determination
of the contact area is thus responsible of this increase of the Young’s modulus.
The evolution of the hardness with indentation depth is shown in Figure B.20.
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Figure B.20 : Evolution of the hardness of 2 um thick Al layer deposited by sputtering
with the indentation depth.

The application of the E.,,stant method showed that the hardness of aluminum thin
films deposited by sputtering decreases with the indentation depth [94] to reach
a constant value equal to 550-600 MPa. Using the relationship already used for
aluminum deposited by an evaporation process, we obtain

H 600

~ — = — = 200 MPa. B.20
Uy 3 3 a ( )

The small amount of silicon in the aluminum layer increases the yield strength
by a factor of two. It is then possible to obtain a relatively wide range in yield
strength depending on the process (and particularly the source) used to deposit
the aluminum thin layer. For assemblies described in Chapter 6, this controlled
variation of the yield strength can be used to optimize the property of the ductile
interlayer and thus to optimize the global toughness of such an assembly.
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APPENDIX C

Determination of the elastic strain
energy stored in a bended beam

Let us consider the configuration of Obreimoft’s experiment, shown in Figure C.1.

Yy
F
X
N
a’2 h
I x - / f

Figure C.1 : Obreimoff’s experiment

The elastic strain energy in the deformed upper cantilever can be determined as
follows.
The strain energy per unit of volume is given by
1
We = = €05

2

1+v v
€ij = E Oij — Egmmaij
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Using Hooke’s law,
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it is possible to write that:

14+v v 9
ve=\"2g ) 797 = 5p )
where v and E are the Poisson ratio and Young’s modulus of the beam. In our
case, the dominant stresses are o,, and o0,, and all other stresses can be neglected.
Consequently, the strain energy simplifies into:

2 2
Oza Uzy

T 2F ' 24

We

where p is the shear modulus. It is convenient to express the stresses as a function
of the internal loads M(z), N(z) and Q(x) where M (x) is the internal moment,
N(z) the internal normal force and @(x) the internal shear force occurring in the
beam when external loads are applied [95]. From beam theory, the stress 0., writes:

B ij)y_i_ Nzglx)

where [ is the inertia and A the area the beam with the following expressions for

a rectangular beam:

3
A:whand]:%
12

with w is the width of the beam (out-of-plane in Figure C.1) and & is the thickness
of the beam. By definition of Q(x), the average value of o,, over a cross section is

__ew

Ogy = A

It is then possible to determine the value of the shear stress o, (see [95]) as:

6Q(r) (1 ¢
T T Y <Z_ﬁ)‘

We can now rewrite the strain energy per unit of volume:

1 [M(x) N(x)r+ 1 [6Q(x) (1 y2>r

“E |1 YT A | A

4 h?

We

The strain energy of the entire beam is obtained by the integration of w, over the

volume:

U = / we drdydz
Q
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which leads to:

M?(z) 2 N?(z) M (z)N(z) Q*()
Ug = OED da:/sy dydz+/L S F A2 /dedz—i-/L de/sy dydz—{—mdaz

where A; is the reduced shear area (see [95] for more explanation on the reduced

shear area). Considering that:

/ yidydz = 1,
s

/dydz = A,

S

/ydydz =0,
s

it is then possible to rewrite the strain elastic energy as:

Up = /L {M%) MG QQ(I)} de.

2ET ' 2EA ' 2uA,

The contribution of the shear forces Q(z) and the normal forces N(x) can be

neglected. Then, the elastic strain energy reduces to

UEZ/L {]\gjz(?)}dx.

The moment M (x) for the configuration of Figure C.1 is equal to:

Ewh3d
M(z) = S

(z —a)
and the elastic strain energy Ug is then equal to:

_ Ewh’d?

U = =300 U
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APPENDIX D

Determination of the error on the
crack length using IR radiation

The minimum height of the air gap which can be detected using IR radiation
is equal to 0.275 pm [1]. Knowing the thickness of the wedge, it is possible to
determine the error made using IR radiation for determining the crack length.
Schematic of the problem is presented in Figure D.1.

Figure D.1 : Schematic of the wedge test showing the error made by using IR radiation
to detect the crack front. The parameters Aa and e were magnified to

make the picture more readable.

On Figure D.1, d/2 is half of the thickness of the wedge, a is the crack length
measured by IR, Aa is the error made by using IR radiation and e is the minimum
gap height which can be detected by IR radiation.

Let us use the notations a=ameqsured a0d @ + AaG=0cq;.
The bending of the wafer can be described by the relationship derived from simple

165
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beam theory:

_dfy g (2 (D.1)
y_4 Qreal Qreal . .

The point (ameasured; €) should verify the relationship (D.1). So, we have that:

d a d a d 3
—Zl2_3 measure measure . D.2
‘ 4 ( Qreal * ( Qreal ) ) ( )

The minimum value of e is equal to 0.1375um and the value of d, the thickness of

the wedge, is equal to 100um. So, it is possible to determine the value of the ratio
ameasured/areal by SO]Ving Eq (D2)

Gmeasured _ ) 95687

Areal

The error made on the crack length by the use of IR radiation is then:

Qreal — Ameasured
error(a) = — x 100 ~ 4.3%.
rea

It is then possible to determine the error made on the toughness remembering that:

K

at

G.=

where K is a constant depending on geometrical and material properties. We have
then that:

Greal _ Gmeasured a4K — A K
error(G.) = == — X 100 = —reat——measured 5 100 ~ —19.2%.
G" o

So, due to the limitation of IR radiation, the measured toughness overestimates
the real toughness by around 19 %. Using a wedge of thickness equal to 230um,
the error on a is equal to ~ 2.8% and the error on G. is equal to =~ -12.2%.
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