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Abstract 

The objective of this research work was to investigate the low temperature gold silicon eutectic bonding 

of SMA with silicon wafers. The research work was carried out to optimize a bond process with better 

yield and higher bond strength. 

The gold layer thickness, processing temperature, diffusion barrier, adhesive layer, and the removal of 

silicon oxide are the important parameters in determining a reliable and uniform bond. Based on the 

previous work on Au-Si eutectic bonding, 7 different Si substrates were prepared to investigate the effect 

of above mentioned parameters. Cantilevers with different bond sizes were prepared from SMA and steel 

sheets. Afterwards, these cantilevers were bonded to the prepared substrates. 

The bond yield and bond strength are the two parameters which establish the bond quality. Quantitative 

analysis was carried out by shear tests. Scanning Electron Microscopy (SEM) and Mapping were used for 

the analysis of the bond interface and diffusion of elements across the bond. 

The research has resulted in bonding of SMA cantilevers onto silicon wafers with high yield and bond 

strength. Steel cantilever can also be bonded by Au-Si eutectic alloy but the processing of the steel sheet 

is critical. Further research is needed for the fabrication of steel cantilevers and to investigate the stresses 

across the bond interface. It was found that the amount of gold is the key factor for reliable bonding. 
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1 Introduction 

This report is the conclusion of a Master thesis project performed at the Microsystem Technology 

Laboratory at KTH. The aim of the project was to investigate the wafer level gold (Au) silicon (Si) 

eutectic bonding of Shape Memory Alloy (SMA) sheets onto silicon. 

The highest work density of SMA among all the actuation mechanisms makes it most attractive for Micro 

Electro Mechanical Systems (MEMS) applications. Therefore, the goal is to develop an optimum eutectic 

bonding technique for the bonding of SMA with silicon. 

1.1 Structure of the thesis 

The projects report is organized in six chapters, which gives the reader a complete but brief overview of 

the work. 

This chapter introduces the project and the motivation for the wafer level eutectic bonding of SMA.  

The second chapter is devoted to the background of this work. It will give an introduction to MEMS and 

SMA actuators. This chapter will also provide the reader with an entire view of different bonding 

techniques and their requirement in terms of surface flatness, smoothness and bonding temperature. 

Chapter three is focused on the basic principle of Au-Si eutectic bonding. This chapter is based on the 

previous research already available in this field. Different key parameters and their effect on uniformity of 

bond, bond yield and strength are discussed. 

The reader is provided with the fabrication and bonding process in chapter four. Preparation of silicon 

substrates, process flow for the fabrication of cantilevers, bonding, shear test and bonding larger area are 

expressed in full detail. 

Chapter five describes the bond yield and shear test results. The results obtained from Secondary Electron 

Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) of the bonded cross section are 

also presented and discussed for the characterization of the bond quality. 

The last chapter outlines the main knowledge acquired with this work and concludes this thesis. 

1.2 Objectives of this thesis 

In this project, the focus is on the investigation of Au-Si eutectic bonding of SMA. The bonding 

technique will be explained in more detail later. 

The eutectic bonding has potential of low processing temperature, high bond strength, liquid phase 

bonding, batch fabrication and low electrical resistivity. These advantages make the technique attractive 

for assembling 3D MEMS structure, wafer level packaging, bonding of microchannels, accelerometers, 

and pressure sensor, for hermetic sealing and vacuum packaging. This work investigates the eutectic 

bonding of SMA with silicon and finding the key parameters which will result in reliable and uniform 

bond. 
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2 Background 

This chapter gives an insight into MEMS, SMA actuators and wafer bonding. Bonding techniques 

including fusion bonding, anodic bonding and different requirements for reliable bond yield are also 

discussed. 

2.1 Introduction to Micro Electro Mechanical systems 

MEMS is an acronym for Micro Electro Mechanical Systems. MEMS can be defined as a technology that 

is used to create tiny integrated devices or systems that combine mechanical and electrical components on 

the same substrate. The mechanical and electrical components are created using micro-fabrication 

technology. Integrated circuit (IC) batch processing techniques are used to fabricate the electronics while 

the mico-mechanical components are fabricated using micro-machining processes. These electrical and 

mechanical components range in size from 1 to 100 micrometres and MEMS devices generally range 

from 20 micrometres to a millimetre. These devices have the ability to sense, control and actuate on the 

micro scale and generate an effect on the macro scale [1]. 

MEMS devices either create an electrical signal due to the change in a physical property or cause a 

physical effect when subjected to an electrical signal. A device which converts one form of energy to 

another is called a transducer. A transducer either consists of a sensor or an actuator. A sensor is a device 

that detects any change in surrounding environment in the form of physical quantity and provides an 

electrical output signal in response to the parameter it measures. An actuator is a mechanical device that is 

operated by an electrical signal and converts that energy into motion. Microelectronic integrated circuits 

can be thought of as the brain of the system. The microelectronic component of the MEMS device process 

the information coming from the sensor and gives out a signal to the actuator. MEMS device include 

levers, gears, and motors. Even steam engines have been fabricated (Figure 2.1). 

 

 

Figure 2.1: a) A micro car fabricated using MEMS, at 1/1000
th

 the size of the original, b) the legs of 

a spider on a gear from a micro-engine [1]. 

 

a) 
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Some examples of MEMS device applications: 

-inkjet printer 

-accelerometers 

-gyroscopes 

-pressure sensors 

-displays 

-optical switching elements 

-bio MEMS (lab-on-chip) 

 

MEMS have the potential to reshape the life pattern in the future at industrial level and consumer level 

products by combining silicon based microelectronics with micromachining technology. The 

interdisciplinary nature of MEMS and diverse applications has resulted in a unique range of devices 

across the fields which were previously unrelated (biology and micro-electronics). Second, the advantages 

of MEMS components and devices with the batch fabrication techniques are the increased performance 

and reliability. Other advantages include small size, lower cost, and lower power consumption [1]. 

MEMS technology exploits bulk and surface micromachining. Fabrication technology includes deposition 

(adding material), lithography and etching (removing material). Deposition can be chemical or physical. 

Lithography transfers a pattern from a mask to a material by the selective exposure of the photoresist. 

Etching is possible by two ways either wet or dry. Dry etching is achieved by sputtering or using ions. 

Different materials are used in micro technology, but the choice of material depends on the functionality 

and cost limitations. Most widely used materials are silicon, polymers and metals like gold, nickel, 

aluminum, chromium, titanium, tungsten, platinum and silver [1]. Still there are many challenges and 

technological obstacles associated with the technology that need to be addressed and overcome. 

2.2 SMA actuators 

Basically an actuator is a mechanical device which converts a given energy into motion. Typically 

electrical or thermal energy input is used in an actuator. MEMS technology offers a wide range of 

actuators which can be classified into thermal, electrostatic, piezoelectric, magnetic and shape memory 

alloy actuation methods. The functional properties of an actuator are determined by the underlying 

actuation principle. Consequently, the selection of the actuation principle is of crucial importance. The 

achievable work density and power density are often the key interests. There are numerous other criterias 

for the evaluation of actuators like time constant, accuracy, efficiency, life time, etc [2]. 
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Shape Memory Alloy (SMA) also known as smart metal, memory metal, memory alloy, muscle wire or 

smart alloy, is an alloy that remembers its shape after being deformed and returning to the original shape 

upon heating. The three most common types of shape memory alloys are the copper-zinc-aluminum-

nickel, copper-aluminum-nickel and nickel-titanium alloys. The unusual properties have made possible its 

industrial application in the aerospace and medical technology. 

 

 

 

Table 2.1: Actuation principles ordered after achievable work density [2]. 

 

The shape memory effect shows the highest work density among the presently known actuation principles 

as presented in Table 2.1. For this reason shape memory effect appears interesting for applications where 

large forces and displacements are required. Aside from actuation function, shape memory alloys fulfill 

temperature sensing, electrical and structural functions and thus enable simple and compact design with 

multifunctional features. The macroscopic disadvantages of low thermodynamic efficiency and low heat 

transfer for SMA actuators become less important for decreasing size. Cycle times of few a milliseconds 

are possible where the SMA actuators have dimensions in the micrometer range. All these properties 

make the SMA a smart material and technically attractive for use in MEMS [2]. 

SMA displays two unique properties, i.e. pseudo elasticity and the shape memory effect. These properties 

are possible by solid state phase change which is just the molecular re-arrangement. Such type of re-

arrangement is similar to the one that appear while changing state from solid to liquid or liquid to solid. 

But the only difference here is that molecules remain closely packed and that they don’t leave the solid 

phase. SMA has two stable phases, Martensite and Austenite [3].  
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Figure 2.2: Microscopic diagram of the shape memory effect [3]. 

 

Martensite is a low temperature, relatively soft phase and SMA can be easily deformed in this state. 

Macroscopically there is no difference between Austenite and un-deformed Martensite phase. The 

molecular structure of the Martensite phase is twinned while the Austenite phase has cubic structure [2]. 

Upon loading in Martensite phase, SMA will deform (Figure 2.2). A temperature change is required to 

return the SMA to undeformed state. Cooling of the SMA causes a change of phase from Austenite to 

Martensite (Figure 2.2). The temperature at which the SMA changes its phase is called the transformation 

temperature. The transformation temperature can be designed by changing the concentration of elements 

in the alloy. Heating or cooling over the transformation temperature changes the phase of the SMA. 

 

2.3 Introduction to wafer bonding 

Wafer bonding is a promising technology for manufacturing three-dimensional complex micro-

electromechanical systems and packaging. It has been an important process for integrating electronics, 

photonics and micromechanical devices.  
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Figure 2.3: Classification of wafer bonding. 

Key techniques related to wafer bonding are A) direct bonding and B) intermediate layer bonding shown 

in Figure 2.3. These two techniques are further divided into different categories depending upon distinct 

processing conditions and requirements. These techniques have been used in integrated circuits and 

micro-electromechanical systems for many years. Direct wafer bonding technique works under two basic 

conditions. First, the two surfaces to be bonded should be flat enough to have good intimate contact. 

Second, proper processing temperature is required to obtain bonding. In the following sections, a short 

description is given about different bonding methods and their requirements regarding wafer cleaning, 

flatness and bonding procedures.  

2.4 Bonding requirements and procedure 

2.4.1 Cleaning of silicon surface 

Cleaning is an important step of wafer bonding technique since it determines the strength and reliability 

of the bond. Contaminations on the bonded surfaces can degrade the bond quality. The cleaning process 

should be compatible with the wafer bonding and it should not degrade the bonding surface. RCA wet 

cleaning procedure is frequently used in semiconductor industry. This process consists of two steps: RCA 

1 (NNH4 /H2O2/H2O = 1: 1: 5) and RCA 2 (HCl/H2O2/H2O = 1: 1: 6). Other than this, mixture of 

hydrogen peroxide and sulphuric acid (1: 4 or 1: 2) or concentrated nitric acid is also being employed. 

Treatment with the mixture of H2SO4 and H2O2 develops a very thin layer of native oxide on the surface. 

Periodic acid dehydrate (HIO4.2 H2O) has been recommended for the removal of hydrocarbons from the 

silicon wafer surface [4]. 
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Native oxide on the surface traps the metallic and organic contamination. Silicon wafer is dipped in dilute 

hydrofluoric acid or buffered ammonium fluoride to remove the native oxide. Ammonia attacks the 

silicon thereby increasing the roughness considerably; therefore it is suggested to decrease the ratio of 

ammonium hydroxide in the mixture [5]. Dry cleaning methods are becoming increasingly important due 

to aggressive nature of the agents used in wet cleaning and problems regarding their disposal. Dry 

cleaning methods include UV/ ozone cleaning and various plasma treatments [6], [7]. 

2.4.2 The bonding procedure 

It is important to bond the wafers directly after cleaning to minimize the re-contamination of the wafer 

surfaces. Bonding is usually carried out in the clean room to ensure a high bonding yield. However, 

bubbles can still be detected in the clean environment, caused by contaminations. High hydrocarbons, 

organic compounds and contaminations may readily absorb onto the surface from the atmosphere of the 

clean room. Bonding can be carried out manually as well as by making use of commercial bonders. But it 

is preferred to use a bonder, especially in case wafer alignment is necessary.  

The first step of room temperature bonding can be carried out in air or in a different atmosphere such as 

oxygen, nitrogen or argon. Other than this low budget bonding apparatus can be used outside the clean 

room [8]. After cleaning the two wafers, they are put together in such a way that mirror polished sides 

face each other. Removable spacers are used to separate them from each other in the bonder. The upper 

wafer is dropped on the lower wafer by removing the spacers and without opening the lid to the chamber. 

A thin air cushion is usually developed if the bonding is carried out in air. By pressing the wafers, gently, 

in order to squeeze out the air, bonding will be initiated. The bonding area will spread over the entire 

surface spontaneously within a few seconds [8]. 

2.5 Direct bonding 

Direct bonding is a technique in which two wafers are bonded together without applying any external 

force or intermediate adhesive layer. In general, if the two surfaces are flat, smooth and clean, most of the 

materials can be bonded together. The principal of direct bonding is; when two fairly flat and clean 

surfaces are brought together, they will bond together by van der Walls forces, capillary forces or 

electrostatic forces. A subsequent high temperature annealing is required to convert the physical forces 

into a chemical bond.  

2.5.1 Effect of surface flatness and smoothness on direct bonding 

Direct bonding is sensitive to surface flatness and smoothness. Two sufficiently smooth surfaces will 

spontaneously bond at room temperature despite a flatness variation of a few micrometers. Flatness is a 

macroscopic measure and it can be defined as the deviation of the front wafer surface from a specified 

reference plane while the back wafer surface is considered being ideally flat. Conventionally the total 

thickness variation (TTV) is the quantitative measure of the flatness of a wafer. TTV is described as the 

difference between the highest and lowest elevation of the top surface of the wafer [8], [9]. Un-bonded 

area will result if the flatness variations are too large. Particles on the surface of the wafers prevent them 

from making close contact and will cause unbounded area. The wafers are deformed around the particle 

and a gap is developed. Comprehensive research work has been carried out to find out the condition under 

which either the gap will close or it will remain open [8].The condition for the closing of the gap depends 
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on the ratio of R to the wafer thickness 𝑡𝑤 , with Lateral extension R much larger than the gap height h. 

For R > 2𝑡𝑤 , the gap will close if: 

h<
𝑅2

 
2 E´t𝑤

3𝛾

                                (fig 2.4a) (1) 

With 𝐸´ = E/ (1 –𝑣2), E being Young’s modulus, 𝑣 Poisson’s ratio, and γ the surface energy. For the case 

where R < 2𝑡𝑤 , the condition for the gap closing is independent of the wafer thickness and is given by  

H<3.6 (
𝑅𝛾

𝐸′ )
1

2                                      (fig 2.4 b) (2) 

In case of bonding two wafers of different thickness, the equations become much more complex. But for 

equal E, the thinner wafer determines the bonding behavior [8]. 

 

 

Figure 2.4: Schematic drawing of a gap caused by flatness non uniformities (a) R > 2𝒕𝒘 ;               

(b) R < 2𝒕𝒘[8]. 

 

Commercially available 4 inch silicon wafers, of the usual thickness of 500 µm, exhibit flatness of 1-

3 µm [10]. This order of variation in flatness can be easily accommodated during the bonding, through 

mutual deformation. Smoothness is defined as micro-roughness and it is related to the wafer surface 

roughness in very small wavelength. If micro-roughness exceeds the critical value, then it will not be 

possible to bond the wafers anymore. Gui et al. has been described a relation between bond-ability and 

surface morphology [10]. 

Fuller and Tabor has derived the adhesion parameter1
𝛥𝑐
 . It is defined as the ratio of the standard 

deviation of the distribution of asperity height σ to the extension which an asperity can sustain before 

the adhesion is lost [8]. 

1

𝛥𝑐
 = 0.513( 

𝜎

𝛽
1

3 
{
𝐾𝐸

𝛥𝛾
}

2
3    )                                                              (3) 
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With 𝛽 is the constant radius of random series of asperities with spherical caps for the nominally flat but 

rough surface. 𝐾𝐸  is the elastic constant defined by the following formula.  

 

 𝐾𝐸 = ¾{
1− 𝑣1

2

𝐸1
+  

1− 𝑣2
2

𝐸2
}−1                                                    (4) 

Where 𝑣1and 𝑣2 are the Poisson’s ratios and 𝐸1 and  𝐸2 are Young’s moduli of the two materials. For 
1

𝛥𝑐
> 

3 no force is needed to separate the materials. Surface roughness at which bonding will become 

impossible can be calculated for known material properties and surface adhesion force. For the 

hydrophilic silicon wafer with 𝛾 = 100 mJm−2 , if the standard deviation of the asperity height is less than 

2 nm it would result in the mean radius of the surface asperities of 100 µm [8], [10]. 

In practice, a silicon wafer terminated with hydrophilic surface will bond spontaneously to each other via 

hydrogen bonds if the micro-roughness is less than 0.5 nm. Commercially available polished silicon 

wafers exhibits rms roughness in the Ångstrom range. Chemo-Mechanical polishing has been employed 

to achieve fairly smooth surface of polycrystalline silicon, silicon dioxide and silicon nitride for direct 

bonding [9] - [12] 

Direct wafer bonding can be classified as  

I. Fusion bonding 

a) High temperature hydrophilic bonding 

b) Plasma assisted bonding 

c) High temperature hydrophobic bonding 

II. Anodic bonding 

2.5.2 Fusion bonding 

Typically an annealing temperature between 600 and 1200 ºC is required for silicon-to-silicon direct 

bonding. Low temperature direct bonding has also been reported but it usually requires some special kind 

of surface treatments before bonding. Weak forces responsible for direct bonding can be van der Waals 

forces, capillary forces or electrostatic forces [13] - [15] 

Direct bonding requires high demands of surface flatness and cleanliness. The contaminations which 

affect the bond quality can be classified as (a) particles, (b) organic contaminations like hydrocarbons and 

(c) ionic contamination usually metal ions from tweezers or glass containers. Particles usually act as 

spacer and pose most obvious problem in wafer bonding. Organic contaminations usually do not create an 

un-bonded area as they are present on the surface in the form of a film or as single molecules. These 

contaminations can limit the adhesion and may lead to the nucleation of interface bubbles during 

annealing. Metallic ions do not inhibit the bonding but they can affect electronic properties of the 

semiconductor materials [8]. 
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a) High temperature hydrophilic bonding 

Si wafers have great tendency to oxidize if exposed to the ambient atmosphere. Usually the thickness of 

the native oxide is 1-2 nm. This oxide layer terminates the silicon wafer surface by Si-OH groups called 

silanol groups. Polarization of the hydroxyl group and the amount of silanol groups determine the hydro-

philicity of the surface. For high temperature hydrophilic bonding, the wafers should have an oxide layer 

that can be the native oxide, thermally grown oxide or deposited oxide. 

 

Figure 2.5: a) Bonding via a) intermediate water molecule, b) two OH groups by van der Waals 

forces, and c) formation of Si-O-Si bonds [13]. 

The reaction starts as the contact is established between the two surfaces, where water molecules form a 

bridge between the two surfaces (Figure 2.5.a). During the following annealing process, water molecules 

will diffuse out from the interface and dissolve into the surrounding or react with the silicon surface 

forming more silanol groups on the surface. Further heating will form bonds between silanol groups by 

removing water molecule completely (Figure 2.5.b). Finally silanol groups react to form Si-O-Si bond by 

removing water molecule (Figure 2.5.c) [13]. The bonding procedure is shown in Figure 2.5. 

Si-OH + Si-OH →Si-O-Si + H2O                                            (5) 

Water molecules can diffuse into the silicon and will react with it forming oxide and release in hydrogen. 

Si + 2H2O→ SiO2 + 2H2                                                          (6) 

The remaining hydrogen can cause problems in the form of trapped gas and can also create voids. This 

problem can be resolved by having an oxide layer > 50 nm thick. Oxide has high solubility for hydrogen. 

The amount of oxide required depends on the amount of water present at the surface, to completely 

dissolve the hydrogen [13]. 
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b) Plasma assisted bonding  

Low temperature bonding processes are required for wafers which contain temperature sensitive materials 

or components, or having materials of different thermal expansion coefficient. Low temperature 

hydrophilic process is possible which employ plasma activation. In these methods a short plasma 

treatment is required to activate the surface prior to bonding. Many processes have been reported for 

plasma activation but the most common plasma gases are argon, nitrogen and oxygen. After the plasma 

treatment, strong bonding can be achieved at low temperatures (< 400 ºC); even room temperature 

bonding processes has been reported [16] - [19]. 

c) High temperature hydrophobic bonding 

For some applications, oxide layer is not required.  To remove the oxide, the silicon wafer is usually 

dipped in hydrofluoric acid or sometimes ammonium fluoride is recommended. It will etch away the 

oxide layer from the surface and the bare silicon will be terminated by hydrogen. Sometimes fluoride 

termination is also detected. Hydrophobic silicon surface can be contaminated quickly by hydrocarbon as 

compared to hydrophilic surface. Therefore after removing the oxide layer, wafers should be bonded 

quickly or they should be stored in vacuum. After the intimate contact is established, HF molecules will 

form bridges between the two surfaces (Figure 2.6).  Annealing from 150 ºC to 700 ºC rearranges the 

bonds and then hydrogen desorbs from the surfaces resulting in Si-Si bonding [13]. 

Si-H + Si-H → Si-Si + H2                                                           (7) 

Void formation due to the presence of hydrogen at the bond interface is the main problem in this type of 

bonding.  

 

Figure 2.6: a) Bonding via HF molecules, b) bonding via H-F atoms with van der Waals forces, and 

c) Si-Si bonding formed after high temperature annealing [13]. 
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2.5.3 Anodic bonding 

Anodic bonding is a type of bonding that is usually achieved by applying an electric field across the two 

surfaces to be bonded, without any need of intermediate layer. This bonding technique is most commonly 

used for connecting silicon-glass and metal-glass by applying an electric field (500-1000 V) to the wafer 

pair at low or moderate temperatures300-450 ºC. Pyrex 7740 and Schott 8330 are the most common 

glasses used for anodic bond containing a high concentration of alkali ions. The coefficient of thermal 

expansion (CTE) of the processed glass needs to be similar to that of the bonding partner; it helps to 

maintain low stress on the bonded stack. An external electrostatic field is applied at elevated temperature 

as the glass wafer is brought into contact with the silicon wafer. Negative voltage at the glass plate pulls 

the sodium ions and creates a negatively charged region across the interface. Movement of positive ions 

leaves oxygen at the interface between glass and silicon. An electrochemical reaction takes place and 

oxygen bonds to the silicon at the interface by creating strong SiO2 bonds [13].  

 

Figure 2.7: Schematic diagram for anodic bonding [20]. 

As compare to direct bonding, Anodic bonding requires that one of the wafers should be alkali glass, a 

high voltage and a moderate temperature but conversely it is less sensitive to surface roughness as 

compare to direct bonding. Anodic bonding usually creates strong and hermetic bonds and is widely used 

for micro-sensor fabrication and for hermetic sealing of micro-machined devices [14].   

Anodic bonding can also be used for bonding two silicon wafers together by using a thin film of glass 

deposited in between them. This thin glass layer can be sputter deposited or electron beam evaporated on 

one wafer. The required thickness of the glass film is between 1-5 µm. The problems with such type of 

bonding are that the deposition rate of glass is quite low and it is difficult to achieve a uniform layer of 

glass with consistent composition. As the two bonded wafers are the silicon wafers therefore there are 

also fewer problems associated with mismatch in thermal expansion. In addition, the required voltage for 

bonding is usually less than for silicon glass bonding. It is about 50-100 V [20].The following diagram 

shows silicon-silicon bonding via glass in between, and the bonding is carried out in the presence of an 

electric field. 
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Figure 2.8: Si-Si anodic bonding using glass as intermediate layer. 

 

2.6 Intermediate layer bonding 

Wafer alignment and low bonding temperature are two important parameters. Low temperature enables 

the bonding of a microelectronic wafer to a micromechanical wafer without dopant diffusion and loss of 

interconnect. Moreover it allows the mating of the wafer, containing microelectronic circuit with a wafer 

containing micromechanical structure, without degradation of their performance. Therefore intermediate 

bonding techniques have been investigated using a third adhesive material between the two bonding 

surfaces. Bonding with intermediate layers includes: 

I. Glass Frit bonding 

II. Polymer bonding 

III. Eutectic bonding 

2.6.1 Glass frit bonding 

Glass Frit bonding employs low melting point glass as an intermediate layer. This technique provides 

various advantages in terms of viscosity of the glass. The viscosity of the glass has effect to compensate 

and planarize surface irregularities, convenient for bonding wafers with a high roughness. It is commonly 

used for encapsulation of surface micro-machined structure specially acceleration sensors or gyroscopes 

[21]. 

2.6.2 Polymer bonding 

Polymer bonding describes a wafer bonding technique using polymer as intermediate layer for bonding 

two substrates. It provides many choices of materials including epoxies, SU-8, BCB, polyimide, UV 

curable compounds, etc. The technique provides the advantages of low processing temperature, surface 

planarization and tolerance to particle contaminations. The polymer adhesive bonding is specialized for 

MEMS or electronic component production [21]. 
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2.6.3 Eutectic bonding 

Eutectic bonding refers to a wafer bonding technique with an intermediate metal layer. For wafer bonding 

technology, alloys with low melting point are typically used containing tin, silver, aluminum and gold. 

Many different types of eutectic alloys exist with a wide variety of temperature ranges. In eutectic 

bonding, the metal alloy works as glue for bonding the two surfaces. The bonding temperature and 

strength can be designed. The most established eutectic formation is Si with gold (Au) or with aluminum 

(Al) [21]. 

Low bonding temperature makes eutectic bonding very attractive. Eutectic bonding also has the 

advantage of fewer restrictions concerning substrate roughness and flatness as compare to the direct 

bonding. In contrast fusion boding requires a high bonding temperature to assemble small structure and 

low roughness of the bonded surfaces. Anodic bonding has the potential to bond the surface at low 

temperature but it requires high voltage. High voltage during the bonding can be detrimental to 

electrostatic MEMS. Additional features of the eutectic bonding procedure are better out-gassing and 

hermeticity than bonding with organic intermediate layers [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 . 

15 

 

3 Au-Si Eutectic Bonding 

This chapter is a literature review of Au-Si eutectic bonding. It discusses the basic principle of Au-Si 

eutectic bonding and the specific characteristics which make the eutectic bonding worthy for the micro-

system technology. In addition different constraints which have significant effect on bond strength and 

bond yield are also described. 

3.1 Principle of AuSi eutectic bonding  

The basic of eutectic bonding is the capability of Si to alloy with several metals and form a eutectic 

system. The most established eutectic system is Si with Au and this eutectic alloy has already been in use 

for die bonding since many decades. There are many other eutectic alloys for wafer bonding in 

semiconductor industry but the choice of alloy is determined by the processing temperature and the 

compatibility of the material used. 

 

Figure 3.1: Au-Si binary phase diagram [22]. 

The bonding temperature for the eutectic bonding procedure depends on the material used. Bonding is 

possible at a specific weight % and temperature. For Au-Si eutectic, bonding is possible at 363 ˚C at 2.85 

weight % Si with Au according to the Si-Au phase diagram (Figure 3.1). The eutectic temperature of the 

Au-Si eutectic system is much less than the melting points of Au and Si, which are 1063 ˚C and 1412 ˚C 

respectively. 

The eutectic matrix is the result of Au and Si diffusion. The diffusion process starts as a result of the 

atomic contact of gold and silicon and exceeding temperature above Au-Si eutectic temperature. 

Mechanical pressure is applied to support the reaction between the two layers. A liquid phase will be 
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reached as the temperature increases above the eutectic temperature at the eutectic concentration of 

elements. This liquid phase will accelerate the mixing and diffusion until the saturation composition is 

reached. Silicon diffuses into the gold above the eutectic temperature [22]. 

The eutectic mixture is solidified when the temperature decreases or the concentration ratio changes. 

Solidification follows the epitaxial growth of silicon and gold on the silicon substrate. The process of 

solidification results in numerous small silicon islands protruding from a continuous polycrystalline gold 

film [22], [23]. 

3.2 Mechanism of Au-Si eutectic formation 

There are two mechanisms for the formation of Au-Si eutectic and they are diffusion and solubility. Both 

play an important role for the eutectic formation at 400 °C. A research was conducted to investigate the 

diffusion mechanism at 800 °C [24]. Atoms exchange their position in terms of vacancies, interstitials, 

and substitution based diffusion. Self and impurity diffusion follow the both, interstitial and substitutional 

diffusion. Thermal activation and solubility are mainly responsible for the diffusion. Gold atoms can 

substitute the Si atoms and can diffuse into silicon interstitials. Substitutional solubility of Au is greater 

than the interstitial solubility while diffusion coefficient of interstitial is greater than the substitution 

coefficient. However, both the processes are considered equally responsible at 400 °C [24], [25].  

3.3 Pre treatment for the removal of oxide from the silicon surface 

In eutectic bonding, adhesion of the two substrates depends on the wettability of the surface by the 

eutectic liquid. The wettability of the surface measured by the contact angle and the contact angle is 

determined by the free surface and interfacial free energies of the system. Surface energy can be defined 

as the excess energy at the surface of the material as compared to the bulk. It is the result of 

intermolecular distance and incomplete bonding at the surface as compare to the bulk. The contact angle 

is defined as the angle that a liquid makes with the surface and it is determined by the balance of the 

surface energies of that system (Figure 3.2). 

A lower contact angle results in better wetting of the solid and therefore better adhesion. Zero contact 

angle is a special case in which liquid spontaneously spread across the surface which is possible only if:  

γ
SG

> γ
SL

+  γ
LG

 

Where γ denotes the surface energy. Contamination and oxide formation can have detrimental effect on 

both of the above processes. Surface oxide can lower the surface energy by as much as two orders of 

magnitude. Thus a contaminated surface becomes very difficult to wet. It has been found that the presence 

of oxide is responsible for the degradation of the contact angle [26].  
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Figure 3.2: Contact angle of a liquid on a surface. 

 

The reliability of the eutectic bonding is limited due to the presence of oxide that is generally present on a 

silicon wafer. The poor wettability of the gold on an oxide surface results in a poor adhesion. The oxide 

on the silicon surface also acts as a diffusion barrier. Presence of oxide makes the surface preparation the 

most important step to realize a successful eutectic bonding. The main task of surface preparation is to 

facilitate the deposition of the eutectic metal by the removal of the oxide or adhesion layer deposition 

[22].   

The following approaches can be used for the treatment of surface oxide: 

1: Rubbing the oxide layer hence it will break and will provide a direct contact between gold and silicon. 

Obviously this is not an appropriate method especially for the wafers having delicate electro-mechanical 

components and circuits. 

2: Another approach is the removal of oxide by HF clean followed by argon sputter clean and in situ gold 

sputter deposition [27], [28]. 

3: Using a thin intermediate matter layer that has good adhesion for both; gold and oxide. Most suitable 

metals are titanium and chromium. 

HF treatment is most frequently used for the removal of the native oxide layer. HF treated surfaces 

without final RT (room temperature) water rinse are covered with hydrogen, small amount of fluorine and 

hydroxide and organic contaminations. A final rinse (<10s) with RT water immediately removes all 

fluorine species, but it leaves the hydrogen passivation unaltered [29]. 

Extended rinsing (>1min) with RT water slowly attacks the surface hydrides from previous HF etching, 

starting at the most unstable tri-hydrides continuing subsequently at the di-hydrides and finally at the 

most stable mono-hydrides to form surface silanol groups. At this stage no oxide is incorporated into the 

silicon. Extremely long rinsing with RT water incorporates the oxygen into the highly polarized, thus 

weakened, Si-Si back-bonds of surface silanol groups. Incorporation of oxygen results in the formation of 

Si-O-Si bridge. 
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Recently it has also been found that the oxygen from the ambient air dissolved in the water is an 

important rate determining factor in the formation of surface oxide during rinsing. The incorporation of 

oxygen into Si-Si bond is still under debate. Moreover, both water and oxygen are responsible for the 

formation of an oxide on H-passivated silicon surface. It has been found that native oxide forms only 

extremely slowly in dry air (< 0.1 ppm residual water concentration could be achieved) or in essentially 

oxygen free water (0.04 ppm dissolved oxygen) even under extremely long exposure [30].   

A second suitable approach for the treatment of oxide is to exploit the adhesion layer to guarantee the 

adhesion of eutectic metal with the silicon wafer. Use of the adhesion layer is certainly significant when 

bonding wafers containing circuits with micro-mechanically processed wafers. The oxide on the circuit 

wafer is functional and it cannot be removed for the wafer bonding expediency. Therefore, the adhesive 

metal is to be applied to get better adhesion of the eutectic metal on the oxide surface [22]. 

Many metals adhere well to an oxidized silicon wafer; well suitable metals are titanium (Ti) and 

chromium (Cr). Addition of the adhesion layer results in Si/SiO2/Ti/Au or Si/SiO2/Cr/Au stacks. A typical 

wafer contains 10-200 nm oxide, 30-200 nm Ti or Cr adhesion layer followed by the thick layer of gold 

(>500 nm). Mating the wafers and ramping up the temperature above the eutectic point results in the 

eutectic bonding. Oxide is broken up by the diffusion of silicon from the substrate making possible the 

direct contact between gold and silicon. The direct contact between Si and Au results in eutectic 

formation at the interface. Reducing the temperature will solidify the eutectic mixture and hence a bond is 

formed [22]. 

The incorporation of the adhesion layer should have some effect on the bonding properties. The idea is 

supported by the fact that Ti and Cr have also been reported as diffusion barrier between Au and Si as a 

result they inhibit the direct interaction between them. Limited solubility of silicon in the Ti/Cr can 

prevent the Au-Si eutectic formation that is based on the diffusion of silicon through Ti/Cr. 

In the Au/Ti/SiO2/Si system, the substrate is not a clean silicon lattice, it has abundant oxygen atoms. The 

diffusion of silicon through the oxide leaves behind dangling bonds in the substrate. It will promote the 

migration of excess oxygen atoms at the interface into the substrate. This type of surface is not suitable 

for the epitaxial growth of silicon that takes place during the solidification of the eutectic alloy [22]. 

It has been reported that silicidation of Ti /Cr at the interface takes place at 520 ̊C and higher bonding 

temperature is required for the intermediate eutectic bonding (520 ̊C) and even longer time is required for 

the silicon to enter into the gold [21]. 

 

 

O2 , OH¯, H2O Sibulk   ̶ O   ̶ Sisurf  OH 
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3.4 Bonding temperature 

Low temperature bonding can assist in reducing or eradicating bonding induced stress problems, which 

come up following the cooling. 

Bonding temperature and time are the two key features for obtaining reliable and uniform bond. The 

principle of eutectic bonding is based on the diffusion of silicon and gold. Subsequently, the diffusion 

process is followed by the formation of the eutectic alloy, across the interface, at appropriate temperature. 

It has been found that diffusion and solubility of gold into the silicon substrate increase by increasing the 

bonding temperature. Therefore, a higher processing temperature is preferred for the eutectic bonding. 

Eutectic bonding process at high temperatures provide more gold atoms to diffuse into the silicon 

substrate, therefore a thicker layer of gold-silicon alloy can form and a strong eutectic bond is expected 

[31]. However, a too high bonding temperature can lead to the serious diffusion of the gold into the 

silicon. Therefore the bond can be less reliable and degrade the function of the silicon device. 

 

 

Figure 3.3: Scanning acoustic micrograph of bonding pairs at different temperature: 

(a)375 °C,(b)400 °C,(c)425 °C,(d)450 °C,(e)475 °C at  gold height of 1μm [32]. 
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The effect of the temperature on the bonding efficiency and the bond strength has been studied by S. M. 

L. Nai. et al. There is no solid solubility between Au and Si below the eutectic temperature of Au-Si 

system. Therefore, the temperature range from 375 to 475 °C was selected for the research [32]. 

Bonding efficiency was measured by comparing the total bonded area to the whole wafer area. It was 

observed that the bonding efficiency is highest at the temperature of 400 °C with the gold height of 1 μm. 

Figure 3.3 shows the scanning acoustic micrograph of the bonded wafers at different temperature. Gold 

lines can be seen distinctly in Figure 3.3(b). However, the bonding efficiency decreases significantly by 

increasing the temperature; it is reflected in Figure 3.3(c)-(e) [22], [32]. 

Bond strength represents the quality and the reliability of a bond. Figure 3.4 shows bond strength as a 

function of bonding temperature. 400 °C bonding temperature resulted in maximum bond strength of 

18 MPa. Increase in temperature beyond 400 °C to 475 °C, bond strength reduces to 15.8 MPa (Figure 

3.4). This result is in agreement with the result of SAM images where the bond efficiency was maximum 

at 400 °C; it corresponds to Figure 3.3(b). Heating a wafer a lot above the eutectic temperature reduces 

the bonding efficiency. Therefore a 100% bonded area cannot be achieved at the temperature much higher 

than the eutectic temperature. These measurements were performed while keeping all other factors 

constant [32]. 

 

Figure 3.4: Bond strength vs. bond temperature [32]. 

3.5 Surface morphology and different dissolution behavior of Si (111) and Si (100) 

Jang et al has made research on the surface morphology and the dissolution behavior of Si (100) and Si 

(111) dies by Au-Si eutectic alloy. During the investigation, different behavior of Si (100) and Si (111) 

was observed [33]. 

To investigate the dissolution behavior Si (111) and Si (100) dies with rectangular shape were dices from 

each wafer and were sputter deposited with 1.2 µm thick Au. A Si die was bonded with a metal substrate 

with 3 µm thick electroplated Au at the temperature of 420 °C. 

After the bonding of Si die to the metal substrate the Au-Si solder was etched away to observe the surface 

morphology. The surface morphology was studied by SAM and Scanning Electron Microscopy (SEM). 

There was clear difference between the voided and void free region of Si (100). The voided region tends 
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to be smoother than the void free region. There exist craters along the boundary of voids with the depth of 

more than 10 μm. The void free region on the surface of Si (111) contains numerous triangular pits 

(Figure 3.6). These pits are small about few microns, unlike the craters of Si (100). This observation leads 

to the conclusion that the more uniform dissolution of Si (111) compare to the Si (100) has resulted in 

smoother surface morphology [33]. 

The cross section SEM micrograph of Si (100) and Si (111) was further analyzed to observe the voided 

area. The Au-Si eutectic alloy film exits over the entire Si (100) die bonding area including voided and 

void free area. The presence of eutectic over the voided region indicates the presence of silicon at that 

area. It suggests that this region was not voided at the start of the assembly. The Si (111) has a thick layer 

of pure gold over the voided region. The presence of pure gold shows there was no chemical reaction. 

The different dissolution behavior of Si (100) and Si (111) is attributed to the surface energy of each 

plane of the Si. The surface energy of Si (100) plane is 80% higher than that of Si (111). The surface of Si 

(111) contains less dangling bonds and the atoms are more closely packed. The plane with higher surface 

energy shows faster dissolution rate. The dangling bonds of higher surface energy surface have atoms 

weakly bonded to the surface. The higher surface energy changes to lower surface energy during the 

dissolution and hence surface roughness may be modified. As the higher surface energy has faster 

dissolution consequently it will have a rough morphology and forms craters on the surface [33]. 

Two distinct characteristics of the morphology of Si (100) are: 

I. Voided region tends to be smoother than the void free region. 

II. A series of craters exists along the boundary between the voided and void free region. 

Figure 3.5 shows some small voided regions surrounded by a series of craters as denoted by small circles. 

 

 

Figure 3.5: Magnified image of an exposed back side of Si (100), circled regions are the voided 

areas. 
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Figure 3.6: Magnified image of an exposed back side of (a) Si (100) and (b) Si (111), voided region is 

marked by circle. Non-bonded region of Si (111) has numerous triangular etch pits whereas voided 

region shows smoother morphology [33]. 

 

The area bounded by craters tends to become voids. The craters on Si (100) act as a sink for Au-Si 

eutectic hence a region surrounded by craters has a lack of eutectic alloy and forms the void Figure 3.6 

(a).  

The same mechanism was not observed for Si (111). The void free regions of Si (111) have numerous 

triangular etch pits while the voided region has a smooth surface Figure 3.6 (b). The height of these 

triangular pits is as small as few microns, unlike the craters observed on the Si (100). This suggests that 

the dissolution of Si (111) plane was more uniform than that of Si (100) plane, resulting in a smooth 

surface.  

The SEM micrograph of a Si (111) showed the presence of thick pure Au layer in the voided region. The 

thickness of the Au layer is nearly the same as that before the die bonding. The presence of pure gold on 

voided regions of Si (111) shows that Au on the substrate did not react with the Si. This is only possible 

by the presence of an inert layer which acts as a barrier between gold and silicon. This inert layer could be 

an oxide on the substrate. A reason for the inert oxide layer is the faster oxidation kinetic of the Si (111) 

than the Si (100). The surface of Si (111) may therefore have more oxygen than the Si (100) under the 

same processing conditions. The un-reacted region, due to the presence of oxide, acts as void [33], [34]. 

The research study on the dissolution of different Si planes suggests that different processing conditions 

are required for Si (111) and Si (100) to achieve void free bonding. 

 

(b) 

 



 . 

23 

 

3.6 Diffusion barrier 

The diffusion barrier is employed to avoid a direct interaction and to limit the diffusion of gold into 

silicon. In the wafer bonding, Nickel or Platinum Ni/Pt is added as a diffusion barrier in a system of 

Au/Ti/SiO2/Si stack. Different multilayer gold metallization stacks had been investigated in research and 

they are summarized in Table 3.1.  

 

 

All metal films were deposited by electron beam evaporation on the Si (100) wafer. This deposition 

process was selected due to its better compatibility with MEMS post processing. Some of the samples 

were deposited with SiO2 which act as a diffusion barrier and an insulating layer. Inter-diffusion for 

multilayer stacks for different annealing conditions and bonding time for the bonding process were 

investigated by Rutherford Backscattering Spectrometry (RBS) [35]. 

RBS analysis revealed that diffusion of gold was stopped completely by the oxide layer. Pt, Ni and Ti can 

partially limit the diffusion of gold into the substrate. 18 to 20 % gold was diffused at 430 °C for 20 to 40 

min annealing temperature with platinum as diffusion barrier. Ni has showed 30% diffusion of gold at 

430 °C accompanied with the diffusion of Ni into the silicon substrate. More than 80% Au was diffused at 

430 °C with Ti barrier independent of the time [35].The metal stacks mentioned in the table below were 

also investigated for the eutectic bonding process. 

Table 3.1: Metallic stack and annealing condition [35]. 
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Table 3.2: Eutectic wafer bonding conditions [35]. 

A strong and reliable bond has been successfully achieved for Au/Ti/SiO2metallization stack. The de-

bonding experiment showed that Au/Pt/Ti has the highest bond strength qualitatively. An unsuccessful 

bonding was performed with Au/Ni/Ti metallization stack. Ni seems to be responsible for this. It prevents 

the diffusion and hence the eutectic phase formation at the interface. Although a lot of gold was diffused 

into the silicon in the Au/Ti stack, it did not prevent the bonding process. Infect the bond strength was 

improved for larger annealing time and temperature [35]. 

The liquid phase of the eutectic is reached when the temperature is above the eutectic temperature. The 

material will start to solidify as long as the eutectic concentration leaves the liquid line or the temperature 

is decreased. But as the temperature is increased, it promotes further and further diffusion. 

3.7 Gold layer thickness 

The thickness of the gold layer is very significant in eutectic bonding; it provides the gold atoms for 

eutectic phase formation. Gold and silicon diffuse into each other to form the bond. The thickness of the 

eutectic layer determines the strength of the bond. 

Bonding efficiency and bond strength were studied for different gold thickness. For the investigation, 

standard silicon wafer was plated with gold patterns with lines of varying thickness from 0.20 to 1.20 µm, 

width of 0.82 mm and distance between two gold lines is 4mm. Cavities are formed due to the plated gold 

lines on the wafer.  

It was found that as the gold thickness increases, bonding efficiency also increases. It gives maximum 

efficiency for 1.00 µm Au.  On further increasing the gold thickness, gold flows into the cavities and the 

bonding efficiency was reduced. Figure 3.7 shows scanning acoustic micrograph of the bonded pair for 

different gold line thicknesses. Clear distinct gold lines are visible in Figure 3.7(d) for the 1.0 μm thick 

gold line [32].  
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Figure 3.7: Scanning acoustic micrograph of bonded pairs using bonding temperature of 400C for 

different gold height (a) 0.2,(b) 0.6,(c) 0.8,(d) 1.0,(e) 1.24 and (f) 1.4 μm [32]. 

Similarly the bond strength was measured as a function of gold thickness. The result is presented in 

Figure 3.8. It shows that as the gold thickness increases from 0.2 to 1.0 μm, the bond strength increases 

from 7.85 MPa to 18 MPa. With further increase of the gold height, the bond strength is reduces to 

12.4 MPa for 1.40 µm thick gold. This result is also in accordance with the acoustic microscopic graphs 

(Figure 3.7) [32].  

 

Figure 3.8: Bond strength vs. gold height [32]. 
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3.8 Contact angle of Au-Si eutectic 

There is a reliability issue with eutectic bonding and that is cracking of the bond due to mismatch in the 

thermal expansion coefficient (CTE) [27]. The thermal stress induced mechanical failure of the device has 

shown to be caused by voids in the gold silicon eutectic bonding. Voids are the result of poor adhesion 

and are typically the result of de-wetting of Au-Si eutectic from the silicon surface. The presence of 

contamination on the bonding surface will increase the wetting angle due to a lower surface energy and 

promote de-wetting; the result being voids. Surface oxide can also increase the contact angle significantly 

and will lead to the void formation and the reliability problems such as poor adhesion of the two surfaces. 

A reliable high yield process can be achieved by using a thick gold layer which provides a greater margin 

for the attachment of two surfaces [26]. Larger bond area cracking during thermal cycling increases due 

to stress concentration effect which is due to the void areas. 

It is already discussed in section 3.2that the presence of oxide degrade the contact angle and hence 

wettability of the eutectic with the surface. Even in the presence of a diffusion barrier, there is a specific 

gold thickness which is required for better wettability. The metallization, thinner than 110 nm, permits the 

silicon diffusion from the substrate and the formation of oxide which degrades the bonding process. The 

sufficient gold thickness (at least 150nm) do not exhibit oxide layer and contact angle degradation. 

Sputtered gold has shown better wettability and adhesion as compare to thermally evaporated gold. It is 

due to the better coverage of the 0.1-0.3 μm surface finish. 150nm can be considered as the specification 

limit required in wafer fabrication, even in the presence of a barrier metallization [26]. 

3.9 Amorphous Silicon 

Inter-diffusion rate between gold and silicon is highly responsible for Au-Si eutectic bonding. It is 

considered that the voids formation is associated with the density mismatch between c-Si and the Au-Si 

liquid alloy. The densities of Si and Au-Si alloy are 2.33 and 18.64 g/cm3 , respectively. Due to the large 

difference between the densities, the volume of the Au-Si alloy during the eutectic bonding is insufficient 

to compensate for the volume of the silicon consumed. Therefore, air voids are formed at the interface as 

shown in [36].  

 

Figure 3.9: Cross-sectional image of (a) Au/c-Si bonding and (b) Au/a-Si bonded samples [36]. 
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Chen et al. has made research to achieve void free Au-Si eutectic wafer bonding. In eutectic bonding, the 

voids and craters are formed at the interface. A uniform and void free bonding interface is required for the 

reliable and strong bond. A rapid reaction between Au and amorphous-Si (a-Si) can be useful for this 

purpose. 

 

Figure 3.10: Schematic of two bonding structures (a) Au/a-Si bonding and (b) Au/c-Si [36]. 

 

Figure 3.10shows the schematic of the two bonding structures which were investigated. The metallization 

of Au/Pt/Cr was carried out by electron gun deposition process. The Cr/Pt layer was about 500-1000Å, 

used as diffusion barrier and adhesion promoter. 1 μm layer of a-Si was deposited on one of the substrate 

by the plasma enhanced chemical vapor deposition process. The entire bonding process was performed at 

the temperature of 400 ̊C for 10 min and the pressure of 200 N/cm2 .  

The cross sectional image of the bonded pairs shows no air voids in case of a-Si/Au bonding (Figure 3.9). 

The rapid reaction between Au and a-Si was suggested the main reason. The a-Si is responsible for the 

rapid dissolution of Si into the Au. The crystalline silicon has tetrahedral structure which continues over a 

long range and form a well ordered crystal lattice. Every atom of silicon is normally tetrahedrally 

bounded to four neighboring silicon atoms. The long range order of tetrahedral structure does not exist in 

a-Si [36]. 

The dissolution of a-Si in the Au is fast and independent of orientation. The Au-Si liquid alloy will 

consume c-Si after the complete dissolution of a-Si. But the c-Si has much slower reaction rate than a-Si; 

therefore slow reaction prevents the formation of craters of the c-Si. Thus it prevents the void formation 

across the interface [36]. 

Different adhesive layers have been investigated so far. The adhesion can be quite good if there will be a 

Si layer on top of the oxide also after bonding. The oxide layer should be covered with a thin layer of 

polycrystalline silicon due to weak adhesion of oxide. The layer thickness can be calculated as: 

tSi =  
wt % of Si

wt % of Au
 
ρAu

ρSi
tAu  
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Where ρ denotes the density and t denotes the thickness of the layer. This thickness relation depends on 

the mass relation at the eutectic point and on the density of each material. In case of Au-Si using 

crystalline Si without oxide layer on the substrate, Si is contributed from the substrate. In this way it is 

considered unlimited and the thickness of the Au layer will define the amount of liquid Au-Si. In case of 

oxide and polycrystalline silicon, eutectic layer thickness could be calculated theoretically. Therefore one 

can calculate the thickness of polycrystalline Si to keep some Si on top of the oxide even after the eutectic 

formation [22], [25]. 
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4 Fabrication and experiment 

This chapter presents the experimental details of the research work. It gives insight into the fabrication of 

SMA and steel cantilevers, and the processing of silicon wafers. Bonding of SMA and steel cantilevers 

with silicon wafers is also described. Shear test setup is explained at the end of this chapter.  

4.1 Processing of Si wafers 

After the detailed literature study, seven different wafers were prepared to investigate the effect of the 

different parameters; gold thickness, oxide removal and adhesion layer. 

Sample 

reference 
Oxide 

removal 
Oxidation 

time ≈                         
Adhesive 

layer/thickness 

(nm) 

Gold 

thickness 

(nm) 

S-1 

S-2 

S-3 

S-4 

S-5 

S-6 

S-7 

Sputter etch  

No 

HF dip 

HF dip 

No 

HF dip 

Sputter etch  

0¹ 

Native oxide  

3hr ² 

10 min² 

Native oxide  

10 min² 

0¹ 

0 

TiW/20 

0 

0 

0 

0 

0 

1000 

350 

350 

350 

350 

0 

350 

Table 4.1:Different parameters used for the silicon substrate processing. 

¹ in situ sputter deposition of gold after sputter etching of oxide 

²in ambient air 

Recently Au-Si wafer bonding has been investigated in different areas of properties and performances 

[22] - [37]. Two types of Au-Si wafer bonding structure (i.e. Au/Si and Au/Au bonding) was investigated 

by E. Jing et al [37]. The bond quality test showed that bond yield, bond repeatability and average shear 

strength are lower for Au/Si bonding. For the Au/Si bonding structure, an Au/Ti/SiO2 (400 nm/50 

nm/2000 nm) wafer was bonded with a bare Si (100) wafer. For the Au/Au bonding, the Ti/Au (50 

nm/200 nm) layer was deposited on the oxide wafer and bare Si wafer, respectively [37]. 

Similar set of substrates were prepared during present research where bare Si (100) wafer and Au (350 

nm)/ SiO2 wafer were selected for the investigation. In contrast to previous research [37], Ti layer was not 

deposited instead a relatively thicker Au layer (350 nm) was deposited directly on the 10 min oxidized 

silicon wafer (S-4 and S-6 substrates in Table 4.1). 
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The reliability of the Au-Si bonding is considered limited due to poor wettability of gold on an oxide 

surface results in a poor adhesion. Therefore different treatments are used to remove the oxide or to 

improve the adhesion of gold on an oxide surface [21], [22], [26] - [30]. The presence of oxide layer was 

investigated during present research. Three silicon substrates were prepared with different thicknesses of 

oxide layer and without any adhesive layer in between Au and oxide (S-3, S-4, and S-5 substrates in 

Table 4.1). For the comparison, a silicon wafer with adhesive layer was also suggested (S-2). 

1000 nm thick Au layer has been reported in   the highest bond yield and Au layer thicker than this was 

resulted in a lower bond yield [32]. During present research the thickness of gold layer above 1000 nm 

has been investigated where gold in contributed both from the substrate and the bonded SMA cantilevers. 

The fabrication process starts with the cleaning of the wafers. 4 ʺ Si (100) wafers were cleaned in Piranha 

which is a trade name for the chemical mixture of  H2SO4 and H2O2in concentration ratios of 3:1. It is 

used to remove the organic and metallic contaminations from the surface of the wafer. All wafers were 

cleaned in this way before being processed. 

The samples S-1 and S-7 were sputtered etch followed by in situ sputter deposition of gold. In situ 

deposition of the gold layer was to avoid the re-growth of an oxide layer on the silicon surface. Different 

gold thicknesses were deposited to see how they would affect the bond quality. 

The S-2 wafer was not processed to remove the oxide; instead a TiW layer was deposited to improve the 

adhesion of gold layer to the native oxide on the silicon wafer. Different metals like Ni/Pt has been 

reported in the literature as a diffusion barrier but they partially limit the diffusion process. Only the oxide 

layer can completely stop the diffusion of Au [35].The adhesive layer is essential to improve the adhesion 

of gold to the oxide layer. It has been found during the literature study that the adhesive layer make the 

eutectic bonding more complicated and higher bonding temperature is needed [22]. This sample was 

designed to investigate the eutectic bonding with the adhesive layer at the eutectic point. 

For the comparison of the sample S-2, the S-5 wafer was prepared, where no adhesive layer was 

deposited. The gold layer was sputter deposited on the silicon wafer with native oxide on top.  

Samples S-3 and S-4 were HF treated for the removal of the oxide layer. The wafers were left for 3hr and 

10 min respectively in ambient air for the re-oxidation before the sputter deposition of gold. The wafers; 

S-3, S-4 and S-5 have different thicknesses of the oxide and can be used to study how the oxide thickness 

will affect the bond quality. 

Sample S-6 was dipped in HF for the removal of oxide but no gold was deposited. This wafer was also 

left in ambient air for 10 min before the bonding. It was prepared to investigate if it’s possible to bond the 

gold deposited cantilevers on a plane silicon wafer with no gold on it.  
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4.2 Fabrication and Patterning of SMA and steel sheets 

Thermal stress related issues and attacking of aggressive SMA etchant require the fabrication and 

pattering of SMA and steel sheets prior to bonding. Fabrication of SMA is well described in literature by 

S. Braun. et al [2].  

Two different SMA sheets and two steel sheets were processed for the fabrication of the cantilever 

structures. All the sheets were cleaned in acetone, isopropanol and then in water to remove the organic 

solvents and contaminations prior to fabrication. A 1000 nm thick nitride layer was sputtered deposited 

on the back sides of a 30 µm thick SMA sheet. Afterwards, a thin layer of TiW was sputter deposited on 

both sides which was followed by the deposition of a 350 nm thick Au layer. 

A 50 μm SMA sheet and two steel sheets, each of 25 μm thickness, were cleaned. All these sheets were 

sputter deposited with 20 nm thick layer of TiW followed by the sputter deposition of the gold layer. The 

thickness of the deposited gold layer was different on different sheets. SMA sheets were flattened by 

heating on a hot plate at 90 °C (above Af =46.8 °C) before the depositing processing. 

Front side Cantilever Back side 

Nitride 

(nm) 

Au  

(nm) 

 TiW 

(nm) 

Sheet / Thickness 

 (µm) 

Nitride 

 (nm) 

TiW  

(nm) 

Au  

(nm) 

1000 350   20 SMA-1 30 1000 20 350 

0 0   0 SMA-2 50 0 20 1000 

0 0   0 Steel-1 25 0 20 350 

0 0   0 Steel-2 25 0 20  1000 

Table 4.2: Process parameters for SMA and steel sheets. 

 

Standard photo lithography was used to first pattern the cantilevers and thereafter to define the bond pads 

on each cantilever. The cantilevers were designed in a way that each set of cantilevers consisted of four 

cantilevers connected to each other by hinges as support Figure 4.1. Four different bond areas were 

defined to investigate how different areas can be bonded using Au-Si eutectic bonding. 

 

Figure 4.1: Structure of cantilevers with four different sizes of bond pads. 
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To support the sheets for lithography, blue tape 

was used on the back side and bonded 

temporarily to a carrier substrate. All the sheets 

were transferred to the carrier wafers after the 

deposition of TiW and Au layers (Figure 4.2.a). 

Positive lithography was used to define the 

cantilever area. Au and TiW were etched away 

from un-exposed area by wet chemical etching 

(Figure 4.2.b). Positive resist was again coated 

in the second step and exposed through the mask 

to define the bond area on each cantilever 

(Figure 4.2.c). It is important to align the mask 

and wafer to have the bond pad on the correct 

position of the cantilever. The SMA was etched 

by chemical etching (Figure 4.2.d). A mixture of 

HNO3 and HF (30 % and 5%) was used for the 

etching of the SMA. Au and TiW were etched 

from the area of the cantilevers that was not to 

be bond in the next step (Figure 4.2.e). 

Finally the resist was stripped in acetone; the 

patterned sheets were rinsed in water and then 

bonded to silicon substrate (Figure 4.2.g). The 

fabrication of steel sheets was challenging. The 

steel was etched with the same solution that was 

used for the etching of SMA. Wet chemical 

etching of steel sheets was quite aggressive and 

caused the corrosion of the sheet. In this way it 

contaminated the surface of the cantilever and 

under etched the structure.  

 

Figure 4.2: Process flow for pattering and 

bonding of SMA and steel sheet

. 

4.3 Bonding 

Every silicon substrate (mentioned in Table 4.1) was bonded with four kinds of cantilevers (mentioned in 

Table 4.2). First of all intimate contact was made just by putting the cantilevers on the wafers with the 

gold side facing the wafer. Wafers were heated to 100 ºC, to make the SMA cantilevers really flat. During 

the bonding, heat is supplied from the top and the bottom plates and force is applied from the top. A glass 

wafer was placed on the top for protection during the bonding process from the top plate. The stacks of 

wafers were placed on the chuck with a graphite sheet on the top. The graphite sheet was used to 

distribute the pressure evenly all over the wafer. The bonding was carried out with an input tool force of 

1 kN and at 400 ºC for 10 min.  
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During this research work 400 ºC temperature was used as bonding temperature based on the previous 

research [32]. SMA and steel cantilevers were bonded to the seven prepared silicon wafers in 

commercially available bond equipment (SUSS Micro Tec CB8 Chamber bonder).  

 

Figure 4.3: Bonding recipe taken from the bonder. 

 

The stack of wafers was mounted on a holder with the clips on, to hold the wafers together. In the bonder, 

two hot plates heated the wafer from the top and the bottom. First of all pressure is ramped down to 

2.00E-4 mbar, after attaining this pressure temperature is ramped up to bonding temperature 400 °C. At 

this temperature the specimen is heated for 10 min under the tool force of 1000N. After 10min, the wafers 

were cooled down to room temperature. The chamber pressure is then ramped up to the normal pressure 

after the wafer has been cooled down. Figure 4.3 shows how the temperature and pressure varies in the 

chamber during the bonding process. 

4.4 Bonding SMA and steel of larger area 

Au-Si eutectic bonding was also investigated for bonding of larger areas. For this task 3 SMA sheets and 

2 steel sheets were selected with different thicknesses (Table 4.3). Prior to any processing, they were all 

cleaned in acetone, isopropanol and water. 
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Table 4.3: SMA and steel sheet with different thicknesses of gold for large area test. 

 

After the cleaning procedure, all pieces were sputter deposited with different thickness of gold on 

different samples (summarized in Table 4.3). All the sheets were diced in to specific areas (1x1, 1x2, 1x4, 

2x2, 2x4 and 4x4 mm2). It was difficult to dice them without any handle wafer or support. Therefore 

SMA and steel sheet were placed in between two layers of blue tape to protect them from the 

contaminations and saw dust. A standard commercially available Disco Dad Saw was used for dicing. 

After dicing the samples, tape was released in acetone and the samples were further cleaned in 

isopropanol and water. Small diced pieces were damaged along the edges during the dicing and still there 

were contamination even after cleaning them. 

From the results of the bonding test (section 5.1), it was fond that the silicon wafer with 1000 nm thick 

layer of gold was resulted in the highest bond yield. Therefore we selected substrate S-1 (Table 4.1) for 

this part of the test. 

All the test pieces of SMA and steel sheets were heated prior to the intimate contact with the silicon 

substrate to make them straight. After putting them on the silicon wafer, a glass wafer was placed on top 

of it to hold them stable and for the bonding process. Graphite sheet was placed on the top of the stack 

and the stack was placed on the chuck with spacer in. Bonding was carried out at 400 °C under 1 kN input 

tool force for 10 min (SUSS MicroTech CB8 Chamber Bonder). 

In order to test the bonded structures, the glass wafer was removed carefully after the bonding process. 

The glass wafer was removed by slightly sliding it over and not by pulling it vertically upward. After the 

bonding, the samples were also gone through the shear test to estimate the bond strength for larger area 

bonding. 

 

4.5 Shear test set up 

Shear test is a destructive technique that is used for the quantitative analysis of the bond. Each wafer was 

diced into smaller chips with the cantilever bonded, to perform shear test on each of them separately.  

Cantilevers of all four different areas were selected from 7 wafers. It is important to check the bond 
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strength on different bonded areas to characterize the bond strength for each of them. To perform the 

shear test, the sample should be fixed during the measurement. A small movement in the sample gives 

false results. For this reason, all the chips were fixed on a plane Si wafer with glue and dried to make sure 

that they are fixed. The wafer was then mounted on a sample holder (Figure 4.4) and the shear test was 

performed. 

 

Figure 4.4: Schematic diagram for the shear test tool set up (side view). 

 

 

 

Figure 4.5: Top view of shear test set up. 

 

Shear tests were performed using a standard commercially available Dage PC 2004. This is a contact tool, 

with a needle applying a force at the edge of an attached die (cantilever) at an angle of 90°. The force is 

ramped from zero while the needle is at the edge of the cantilever. Bond strength is calculated from the 

force needed to shear the bonded surfaces apart divided by the bonded area. 
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5 Results and Discussion 

This chapter describes and discusses all the experimental results obtained during the research work. The 

discussion starts with the quantitative analysis of the eutectic bonding and followed by the qualitative 

analysis.  

5.1 Bond yield after dicing 

Bond yield or percentage yield defines the number of bonded cantilevers after dicing the silicon wafer 

into small chips. A reliable and uniform bond should result in higher bond yield. The bond yield was 

found by dicing the samples after bonding and then releasing them in acetone. 

During the process of bonding, a glass wafer was placed at the top for protection against the top wafer 

chuck. In the bonder, vacuum was created between the Si and the glass wafer and it held them together 

very tightly. Due to the vacuum, it was not possible to release the glass wafer just after the bonding 

process. The bonded wafers were therefore left for an hour for the vacuum to disappear and the glass 

wafer to release. Pulling the glass wafer without releasing the vacuum will definitely break some bonds 

and will affect the results of the yield. 

Every silicon wafer was diced into small chips, each with one bonded cantilever. Photoresist was spin 

coated on the top before dicing the wafers. Wafer was then put on blue tape for dicing. The blue tape and 

the resist were released in acetone after the dicing. All the diced chips were then cleaned in isopropanol 

and water.  

Samples  Oxide 
removal 

Oxidation 
time ≈                         
 

Adhesive 
layer 
/thickness 
(nm) 

Gol d 
thickness 
(nm) 

        Bond yield %  

SMA-1 
(350nm Au)  

SMA-2 
(1000nm Au)  

S-1  Sputter etch  0¹ 0 1000 100  95  

S-2  No Native 
oxide  

TiW/20 350 81  95  

S-3  HF dip 3hr 
oxidation² 

0 350 81  90  

S-4  HF dip 10 min² 0 350 68  100  

S-5  No Native 
oxide  

0 350 56  95  

S-6  HF dip 10 min² 0 0 38  35  

S-7  Sputter etch  0¹ 0 350 50  90  
Table 5.1: % Bond yield for each silicon wafer. 

¹ in situ sputter deposition of gold after sputter etching of oxide 
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²in ambient air 

After going through the process mentioned above, some of the cantilevers were released. The released 

cantilevers were counted as non-bonded. In this way the bond yield was calculated and presented in Table 

5.1. 

One major outcome from table 5.1 is the difference in the yield of SMA-1 (35 nm Au) and SMA-2 

(1000 nm Au). The SMA with 1000 nm thick layer of gold has excellent yield percentage for all different 

type of bonded substrate except for the one without gold on the silicon. The yield is slightly fluctuating 

over different kind of substrates. The bond yield is depending on the thickness of gold and increases with 

increasing gold thickness which corresponds to the previous report [32]. A decrease of bond yield at 

thickness above 1µm was however not observed in our test. 

The yield of the SMA with 350 nm thick gold layer is more substrate dependent. As the gold layer is 

thinner as compare to the other SMA, other factors have influenced the yield. This statement  is based on 

the fact that 50 % drop in the yield has been observed as a result of decreasing the thickness of gold layer 

from 1000 nm to 350 nm on the silicon substrate. The yield is showing time dependent behavior for 

350 nm thin layer of gold on both the silicon and the SMA. It increases with longer oxidation time and 

reaches the maximum yield of 81 % at 3 hr oxidation time and then decreases with further increasing the 

oxidation time. 

The native oxide influences the yield due to poor adhesion of gold and the diffusion of gold and silicon 

through it. It was already reported in literature, only an oxide layer can fully prevent the gold diffusion 

into silicon [35]. Therefore a 20 nm thin layer of TiW was sputter deposited before the deposition of gold 

on the silicon wafer with native oxide on the top. A significant difference was observed in the resultant 

yield. The yield of sample S-2 having TiW layer in between oxide and gold is 81 % whereas without 

TiW, yield is 56 %. 

The bond yield result of substrate S-4 and S-6 are in correspondence to the previous research by E. Jing et 

al [37]. The bond yield of the Au deposited silicon substrate is much higher than the bare silicon 

substrate. A possible reason for the low yield on the bare silicon substrate is the presence of oxide on the 

silicon surface. In contrast to the previous research of E. Jing et al, during the present research 100 % 

bond yield has been achieved on the 10 min oxidized silicon wafer with 350 nm Au on the wafer at the 

same bonding temperature (400 °C). Thick Au layer can be an explanation for the better bond yield. 

 

The significant outcomes of the experiment: 

 Thickness of gold is the key for higher yield process. 

 A thin adhesive layer is essential in the presence of oxide on the silicon substrate in order to 

improve adhesion of gold and hence the yield. 

 The bond yield is extremely low for the silicon substrate without gold layer.  
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5.2 Shear test results. 

Figure 5.2shows the results of shear test plotted against different bond area. This plot is showing shear 

force for the SMA-2 cantilevers with 1000 nm gold on the bond pad. Shear force is plotted instead of 

shear strength since it was not possible to shear off all the bonded cantilevers; therefore we couldn’t 

calculate the strength for those samples. Shear strength is mentioned along with the force bar for those 

samples which were sheared off during the test. The shear tests were performed with commercially 

available Dage PC 2004. The maximum shear force that can be applied with this machine is 5000mN. 

This is attributed as tool limit since we cannot go beyond this amount of force to shear off the bonded 

surfaces. 

The shear force plot illustrates the overall trend of the bond strength. Comparing the bond force of 

different bond sizes reveals that the largest bond pad is the strongest bond we have obtained. Bond 

strength decreases with decreasing the area as expected.  

 

Figure 5.1: Shear stress plot for the SMA cantilevers with 1000 nm Au layer. 

 

There are two reasons that some samples couldn’t be sheared off, either the shear tool limit was reached 

or the sample holder set up was not able to counter act the force. As mentioned earlier it is essential to 

keep the sample fixed during the shear test. For this purpose small sample chips were glued to the carrier 

wafer and then the wafer was put on the wafer holder. That glue force was not strong enough to hold the 

samples and they were moved during the shear test. It indicates that the bond force was greater than the 

glue force therefore instead of breaking it at the bonded surfaces it has displaced the sample during the 
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test. Shear stress and force bars are marked with blue and red rectangles indicating tool limit or the bond 

destruction point was reached during the shear test. The unmarked bars are for the glue destruction. Some 

of the bars are missing is mainly due to low yield that the cantilevers for those samples were already 

released and no sample was left to perform the shear test. But it is not true for sample S-1with the bond 

pad of 0.0144 mm2. Few samples were lost during the dicing, some of them were used for SEM analysis, 

and therefore there were no samples left to perform the shear test. 

 

 

Figure 5.2: Statistics of shear test for SMA cantilever with 1000 nm Au layer. 

 

Over the entire table, the average bond strength is around 20 MPa. The conclusion is, out of all four sizes 

that were bonded; the largest bond pad is the strongest one. Sample references are given on the right side 

of the plot; these are referred to Table 4.1in chapter 4. 

 

5.3 SEM analysis 

Figure 5.3isa SEM image of a fractured bond pad after the shear test. It shows that most of the failure is in 

fracturing the silicon and not at the bond interface. The SMA piece has ripped out a lot of silicon during 

the shear test. This bonded piece had bond strength of 7.7 MPa. However at the edges there is a small 

portion where the fracture has followed the bond interface. Non bonded area close to the edges could be 

the result of contaminations or no contact between the two surfaces during the bonding process. 
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Figure 5.3: SEM image of a) Si substrate after shear test, b) SMA surface with silicon ripped out 

during shear test. 

 

 

 

Figure 5.4: SEM image of bond cross section for SMA – 2 and S – 1 substrate both with 1000 nm 

Au. 
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To analyze the cross section of the bonded surfaces, samples were diced across the interface exactly at the 

bonded region. After dicing the samples they were protected in a polymer matrix against being sheared 

off during the further step of polishing. For this purpose, the samples were fixed in small holders and then 

they were placed in plastic containers. The containers were then filled with the polymer and were left for 

10-15 min to cure the polymer. The holders will support the samples and help to keep their position fixed 

during the curing of polymer. After curing of polymer, the samples were released from the container and 

were polished. Silica paper was used for polishing. To get a really flat and smooth surface, the samples 

were further polished with diamond paper subsequently followed by silica solution polishing.  

Figure 5.4 shows cross sectional SEM image of the sample with 1000 nm Au on both, the silicon 

substrate and the SMA. The thickness of the eutectic mixture is not uniform on the interface. The average 

thickness of the eutectic layer is about 3.5 µm, which is greater than the gold thickness (2 µm). Voids are 

marked with circles. Formation of voids is usually attributed to contaminations and the presence of oxide.  

 

 

Figure 5.5: SEM mapping of the bond cross section a) for S-1(1000 nm Au) and b) for S-2 (TiW/Au, 

20/350 nm). 

SEM mapping was performed for the inspection of gold and silicon diffusion across the bonded interface. 

Figure 5.5  is the mapping result of two samples, one with 1000 nm Au and the other one with 

oxide/TiW/Au, native/ 20/350 nm thicknesses. The diffusion depth found is 0.8 μm for (a) and 0.2 μm for 

(b). The bonded interface of the two samples is rather different. The sample with TiW layer has fairly 

smooth interface and diffusion depth of Au is very low. The oxide layer is used to control the diffusion of 

gold into silicon and Ti layer serve as adhesive layer. Very shallow Au diffusion showed that the oxide 

layer has served the purpose well as diffusion barrier. 

5.4 Stress at the bond interface 

Stress generated at the bond interface seems to be the biggest problem for now, as it results in cracks and 

lower bond yield. This is because of the difference between the coefficient of thermal expansion (CTE) of 

silicon and SMA.  

 



 . 

42 

 

During the bonding process, temperature is ramped up to 400°C and then cooled down to room 

temperature. A large difference in CTE of SMA and Si would develop stress at the bond interface. During 

the cooling, SMA will shrink more than the silicon, resulting in compressive stress in it and tensile stress 

in the silicon. The amount of stress generated can be found from Young’s modulus and coefficient of 

thermal expansion. The bonding process will result in a bowing effect on the bonded area. To see this, 

samples were scanned with an optical profiler. 2-D and 3-D analysis clearly shows that the stress causes 

some bending in the bonded samples (Figure 5.6). 

 

 Coefficient of Thermal 

Expansion (α) 

Young’s Modulus 

(Y) 

Yield Strength 

Si 3x10-6/°K 185 GPa 7MPa 

SMA 

(Austenite) 

11x10-6/°C 75 GPa 560 MPa 

SMA 

(Martensite) 

6.6x10-6/°C 28 GPa 100 MPa 

Table 5.2: Numerical values of Y, α and yield strength for Si and SMA [38], [39] 

 

 

 

Figure 5.6: 3D image of the 4 𝐦𝐦𝟐 piece of SMA bonded with silicon having 1000 nm thick layer of 

Au. 

A crack has been observed during the SEM analysis for different samples. The most probable reason for 

the appearance of crack can be the stress at the interface due to CTE of SMA and Si. There can be other 

reasons like dicing, curing the samples in polymer, and polishing. As it is not possible to look at the bond 



 . 

43 

 

interface without dicing, curing and polishing therefore it is difficult to say that at which processing step 

these cracks have appeared. The depths of these cracks are usually more than 100 μm. 

 

Figure 5.7: SEM image of the sample with induced crack. 

 

Figure 5.8: Surface profile on the sample shown in Figure 5.6. 

 

The surface profile of the sample in Figure 5.6 is shown in Figure 5.8 . The radius of curvature found in 

both directions is about 31 μm. 

5.5 Bonding of larger areas 

One of the objectives of this study was to identify how large area can be bonded using Au-Si eutectic. It 

was possible to bond all the different samples which were selected for the bonding process. In order to 

test the bonded structures, the glass wafer was removed carefully after the bonding process. It was found 

that most of the bonds were pretty strong. Only two of them were released with a lot of silicon ripped out 

and all others were kept bonded. After bonding, the samples were gone through the shear test to find out 

the bond strength 
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Figure 5.9: Bonded SMA pieces of different sizes, showing delimination. 

 

Area 

(mm2) 

          Shear Stress (MPa) 

 SMA-4(50 µm 

thick/1000 nm Au) 

SMA-5(30µm 

thick/350 nm Au) 

SMA-6( 50 µm 

thick/350nm 

Au) 

8*8                      0.066* 0.076 0.076 

8*4 0.154 0.079 0.153 

4*4                      0.306 0.250 0.307 

8*2                      0.002* 0.291 0.306 

4*2                      released 0.487 0.614 

Table 5.3: Results of shear test for different bond sizes. 

*sheared off 

A large difference in CTE of the SMA and the Si has resulted in the crack and delamination of the SMA 

sheets. Figure 5.9 shows how the samples look like after bonding. The larger the area of the bonded 

surfaces, the higher is the stress developed across the interface. As these bonds were strong consequently 

the fracture has not occurred at the interface instead it has fractured the silicon. It also leads to the 

conclusion that the bond strength was higher than the fracture strength of silicon resulting in silicon 

ripped out deep from the substrate. Some non-bonded regions have developed around the edges of the 

samples. That might be the result of contamination from dicing or deformed SMA. Another reason could 

be the stress generated at such large bonded area would be sufficient to bend the pieces.    

Shear test was performed for the quantitative analysis of the bonds. Statistics of the shear tests are shown 

in Table 5.3. There is no specific trend in the strength of the bonds. But the general idea that can be 

 b) 
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inferred from the table is that all the bonds are quite strong. It was only possible to completely shear off 

SMA-4 with the area of 64 mm2. The limit of the shear tool doesn’t permit to increase the tool force 

above 5000 mN as a result it was not possible to shear off all the bonds. 
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Outlook 

The work presented above is a big step towards the Au-Si eutectic bonding of SMA onto silicon with 

potential for commercial applications. A strong bond has been achieved. The most necessary key factors 

have been investigated and discussed. The amount of gold is being observed as the significant feature for 

achieving higher yield. The Au-Si eutectic bond is strong and the yield is high. However, the main 

problem is the formation of cracks at the bond interface. 

Future work will focus on reduction of the stress across the bond interface due to the different CTE of 

SMA and Si. 
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Conclusion 
 

This final section summarizes the work done during the project and the focus is on the discussion of 

knowledge obtained from the work.  

This project presents Au-Si bonding of SMA with Si wafers. Successful bonding of SMA cantilevers with 

silicon wafers has been achieved. The purpose of this project was to optimize the bonding parameters. 

First part of the work was designed to prepare the silicon wafer for the bonding test. For this purpose, 4˝ 

silicon (100) wafers were selected. Si (100) has higher surface energy as compare to Si (111). The surface 

with higher surface energy is more reactive as the bonds are loosely attached to the surface. The higher 

surface energy and fast reaction rate can help avoiding the formation of voids. Eutectic bonding is very 

sensitive to surface cleanliness, gold layer thickness, and surface oxide. Therefore wafers with different 

oxide and gold layer thicknesses were prepared. Au and TiW layers were sputter deposited. The thin 

layers of TiW were used to investigate adhesion and diffusion of gold.   

SMA and steel sheet cantilevers have been fabricated with different bond sizes and then bonded with 

different types of substrates. Bond yield evaluation and shear tests have been used for the quantitative 

analysis of the eutectic bonding. SEM imaging and element mapping were used for the qualitative 

analysis across the bond interface. 

One of the most important observations is that more gold results in a better bond. The thickness of oxide 

has also played a vital role in the yield, as the oxide layer can control the diffusion of Au. A 3hr oxidation 

time of silicon wafer has the highest yield among all the samples having oxide. The yield decreases with 

thicker oxide and without adhesive layers. A thin layer of TiW on native oxide could significantly 

improve the yield. Because of the shear test tool limit it is not possible to clearly find out the bond 

strength for every sample. But a trend can be seen in the shear forces. The bond force is highest for the 

largest bond size. Different area bonding was also investigated. It was also possible to bond larger area, 

upto 64 mm2.  

The issue with this technique is the stress formation. There is a large difference in CTE of SMA and 

silicon and it causes stress at the bond interface. More research is needed to explain the stress at the 

interface and how to circumvent it. 
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