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Mikroelektromekaaniset systeemit (MEMS) ovat vakiintuneet monissa kehittyneissä sovelluksissa 
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1. Introduction

Microelectromechanical systems (MEMS) provide several non-digital func-
tionalities, such as inertial sensing [1], [2], resonators [3]–[5], optical applica-
tions [6], [7] and energy harvesting [8], as well as microfluidics and (bio)chem-
ical applications [9]–[12]. The MEMS markets are forecast to have a size of ~20 
billion in 2020 and to have roughly ~10% yearly growth [13] and the number of 
MEMS applications is increasing significantly, e.g., in the automotive [14] and 
telecommunications fields (especially 5G networks) [15]. Meanwhile, the aver-
age price (and revenue) of a single device is decreasing along with the growing 
demand for yield improvement and increased performance [16], [17]. On the 
other hand, the packaging and testing of a MEMS device embodies from 30% 
up to 80% of the total cost [16], [18], [19].  

MEMS devices often require hermetic sealing for operation in a vacuum or 
controlled environment. It also protects delicate structures against mois-
ture/liquids, particles and volatile gases during subsequent production, assem-
bly and operation. The creation of hermetic sealing and formation of electrical 
interconnections is referred as 0-level integration, separating it from the first-
level integration in traditional electronics packaging, where the final die is at-
tached to the substrate and electrical interconnections are formed via, e.g., flip-
chip or wire bonding processes [20]. For 0-level integration, wafer bonding is a 
cost-efficient method when compared to chip-to-chip or chip-to-wafer pro-
cesses. Wafer-level metal bonding is a promising technique for 0-level integra-
tion between the processed MEMS device and cap wafers or even bond the de-
vice wafer directly to the application-specific integrated circuit (ASIC) wafer 
[19], [21]–[24]. Capability to bond different types of wafers is the backbone of 
the 3D integration platform and what is termed the More-than-Moore approach 
[19], [21], [22], [25]–[27], and increase in integration density also improves the 
device performance significantly [24], [27], [28].  Overall, significant benefits 
are gained in MEMS manufacturing when the wafer-level integration simplifies 
the manufacturing flow as, e.g., double dicing is no longer needed [16] and the 
form factor decreases considerably, as visualized in Fig. 1.  
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Figure 1. Demonstration of the scaling effect when wafer-level packaging is used. The utilization 
of metal bonding enables electrical contacts to be formed to cap the wafer simultaneously 
with creating the hermetic sealing. 

In metal bonding, possible reactions occurring under subsequent processing 
and testing of the wafers, as well as during their operational lifetime, are de-
pendent on the initial microstructure achieved in the wafer bonding process. 
The resulting microstructure after the joining process is based on the metal 
bonding approach utilized. Metal bonding can be categorized into two separate 
groups: i) direct bonding, where only solid-state reactions occur and ii) the 
methods that have liquid present during the bonding process. The latter covers 
soldering, eutectic and solid-liquid interdiffusion (SLID) bonding processes. 
Several metallurgical systems have been proposed for these, each having its own 
unique benefits and drawbacks. However, the foundation for understanding re-
actions and the resulting microstructures is general: the thermodynamic and 
kinetic data. Thus, one focus in this thesis is on linking available thermodynamic 
and kinetic data into metallization stack design for wafer bonding, and on the 
basis of experimental work, producing supplementary information that is lack-
ing in the literature.  

Another important aspect regarding the selection of the wafer bonding 
method is the reliability of the interconnections. Overall, the MEMS manufac-
turing industry in particular lacks the analytical methods needed for character-
ization and reliability testing [29]. There are no standard strength values for 0-
level integration when compared to standard wire bonding or die attachment 
processes, although some other types of standards (e.g., SEMI MS5-1007 [30] 
or MIL-STD-883 [31]) are applied in the estimation of the wafer bond quality. 
On the other hand, standard environmental tests are commonly used for the 
stress and failure propensity testing of wafer bonds [32], [33]. However, wafer 
bond reliability and quality can be separated into two subsets: i) to survive the 
subsequent processing of the wafers, e.g., back-grinding, chemical-mechanical 
polishing, dicing and packaging; ii) to maintain hermeticity and electrical con-
tacts over the desired lifetime set by the application field. The first subset is 
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more general and utilizes standard processes that are similar among technology 
areas. The second subset is affected by standards such as MIL-883 for military 
applications, AEC-Q100 for automotive devices and Telcordia standards for tel-
ecommunications. When experimental data and microstructural analysis are 
combined with thermodynamic-kinetic data and thermomechanical modeling, 
this approach can induce significant cost and time savings by avoiding expen-
sive trial-and-error cycles [18], [34] especially in safety-critical applications, 
such as aerospace, automotive and medical applications that require extensive 
validation testing. 

The objectives of this thesis are to study i) reactions in different metal bond 
systems relevant for wafer-level SLID bonding, along with ii) the reliability of 
these bonds. The reliability evaluation is performed after the bonding process 
and after environmental tests, and the experimental work is connected to pro-
cess integration issues as well. The materials compatibility is covered in publi-
cations 3, 4 and 5, where different ternary systems are discussed by forming 
and reproducing thermodynamic and kinetic data that are connected to ob-
served microstructures of metal bonds. Reliability assessment is in focus in 
publications 1 and 2, where the microstructure and mechanical strength of 
the SLID wafer bonds are characterized. Publication 4 also covers these relia-
bility features. Copper-tin and gold-tin-based metallizations are investigated in 
publications 1, 2 and 4, and additional aspects such as contact metallization 
on different wafers are deliberated in publications 4 and 5. The literature 
lacks information on some new material systems, such as zinc-aluminum and 
zinc-aluminum-germanium alloys, which are studied in publication 3 in order 
to understand the melting behavior of those systems along with their reactions 
with common electronic substrate materials.  
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2. Wafer bonding for MEMS integration 

Wafer-level integration in MEMS devices refers to formation of hermetic seal-
ing and electrical interconnections to active structures. Hermetic sealing en-
sures the operating lifetime of a MEMS device by maintaining a controlled en-
vironment and protection against particles, as well as volatile liquids and gases 
that could harm delicate structures, cause the sticking of the active structures or 
attack the electrode metallizations [35], [36]. A schematic outline of a MEMS 
device with hermetic sealing and electrical feedthroughs with through-silicon 
vias (TSVs) is presented in Fig. 2. In this chapter, the requirements for wafer 
bonds are presented, followed by reasoning as to why metal bonding offers sig-
nificant benefits when compared to other wafer bonding methods. 

 
 

 

Figure 2. Schematic presentation of 0-level integration of MEMS device. 

2.1 Requirements for hermetic seals and electrical interconnec-
tions 

The production-related requirements for wafer bonds are similar among all wa-
fer bonding methods. First, the bonds should be strong enough to withstand the 
thinning of the cap wafer in the back-grinding and chemical mechanical polish-
ing (CMP) processes, including tolerance against solvents and other chemicals 
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used. Additionally, the dicing process generates multi-axial stresses in wafer 
bonds. Second, the bond should be able to endure subsequent high-temperature 
processes such as gettering process, plasma-enhanced chemical vapor deposi-
tion (PECVD) in redistribution layer (RDL) processing, die attach/molding/cur-
ing in packaging line and surface mounting (i.e., soldering) of the final compo-
nent with a peak reflow temperature around 240-265°C when tin-based lead-
free solders are used [37]–[40]. The 0-level bond should not melt even partially, 
i.e., the mushy zone of a metal bond should not be entered, as relative movement 
between dies may occur and lead to voids or failures. Third, the residual stresses 
should be minimized. Thus, as low as possible bonding temperature is desired 
and the thermal budget of the integrated circuit (IC) wafer is a practical guide-
line for the wafer bonding (max temperature 450°C, minimize the time above 
200°C [16], [21]). Fourth, minimal outgassing from the materials utilized to the 
MEMS cavity is desired in order to have stable and coherent device production 
over the wafer and from wafer to wafer. Fifth, a long shelf-life prior to bonding 
and avoidance of surface cleaning steps help in production planning and avoid-
ing material waste. Surface cleaning may also be highly limited with MEMS wa-
fers with delicate structures. Last, the selected materials should be lead-free in 
order to ensure RoHS compatibility [38], [41]. 

The device, either diced and packaged from the wafer stack followed by the 
traditional assembly or subjected to wafer-level packaging methods, should pass 
different stress tests such as thermal cycling and high-temperature storage sim-
ulating device operation in an accelerated time period. Sometimes, failures in 
these tests (and more drastically, failures under operation) are linked back to 
the wafer bonding quality. The loss of a controlled environment or electrical 
contact in MEMS leads to device failure and an inoperative system. These sys-
tems are typically safety-critical, and thus the reliability should be maximized. 

In addition, there are some specialities in MEMS applications as some type of 
cavity is often required in order to enable movement of the active areas. Some 
wafer bonding methods (e.g., glass frit and metal bonding) create spacing be-
tween the wafers, so it might be possible to avoid separate wafer cavity pre-etch-
ing. Minimizing the lateral space that the bond takes is favored, as it impacts 
directly on the number of chips that fit on a wafer, and thus affects the cost. In 
addition, the ability to bond CMOS/ASIC wafers with the same protocol as any 
other wafers (especially directly to a MEMS device wafer) is a huge benefit, and 
basically it is an absolute requirement for 3D integration. Bonding the MEMS 
device wafer to an ASIC wafer i) enables the ASIC wafer to be used as a cap wafer 
(reducing material costs) and ii) reduces the electrical signal path significantly, 
which can significantly reduce the power consumption and accelerate the per-
formance of the device [21], [42]. On the basis of these aspects, understanding 
the differences between different wafer bonding methods is crucial. 

2.2 Wafer bonding methods

A few wafer bonding methods are currently utilized in the industry and at pre-
sent other methods than metal bonding dominate the field. Typically, wafer 
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bonding has been used in either SOI wafer (Silicon-On-Insulator) or MEMS 
manufacturing [19], [22], [43]. Meanwhile, wafer-level integration has gained 
popularity especially in 3D-integration platforms [44], [45]. A summary of the 
bonding methods is provided in Table 1. In this chapter, different wafer bonding 
methods are presented, and the benefits and drawbacks of each method are re-
viewed. 

 

Fusion bonding 
 

Fusion bonding utilizes a high temperature and surface activation of ultra-
clean and smooth Si/SiO2 surfaces [19], [22], [43], [46], and thus, is the method 
of choice for SOI wafer manufacturing. Bonding can be performed at room tem-
perature when a plasma activation is utilized; however, post-annealing at ele-
vated temperatures is needed in order to ensure voidless and strong bonds [19], 
[43]. Thus, fusion bonding is not suitable, for example, with IC wafers because 
of the thermal budget and vigorous plasma surface activation required. Further-
more, MEMS device wafers may be severely damaged if a plasma step is used. 
The surface cleanliness and flatness requirements for successful bonding are ex-
tremely demanding, and processed wafers (IC, MEMS) typically have topogra-
phies that do not fulfill these. However, one should recognize that fusion bond-
ing is an extremely important process for MEMS manufacturing, especially 
when modern cavity-SOI (C-SOI) wafers are utilized, which are then further 
processed to devices. 

 

Anodic bonding 
  

Anodic bonding is a widely utilized method in the 0-level sealing of MEMS 
devices [19], [22], [47], [48]. In anodic bonding, a high temperature and voltage 
over the bonded wafers is applied and a strong hermetic bond is generated be-
tween Si and glass. Typically, active areas are patterned on a silicon wafer (plain 
or SOI), which is bonded to one or two glass wafers in order to ensure hermetic 
sealing [49], [50]. Electrical contacts are either routed below the anodic bond-
ing frame, or through glass vias are used [47]–[52]. However, the high voltage 
that is needed once again limits the usage of IC wafers and typically the selection 
of the cap wafer(s) is limited to borosilicate glass, even though some other ma-
terial pairs have been proposed [19], [22]. The ion (Na+) content in the glass 
may induce a risk for IC wafers, as gate oxides may be damaged. This effect is 
also challenging with MEMS devices, as charged ions on top of active areas and 
electrodes may induce a significant variation into the device output when com-
pared to the designed values, and typically, it deviates from device to device. In 
addition, the width of the sealing frame is large compared to, e.g., metal bond-
ing. 
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Adhesive bonding 
 

Adhesive bonding is typically utilized as a temporary bond for processes such 
as back-grinding and CMP, as well as thin wafer handling and wafer-level pack-
aging [27], [53], [54]. As adhesives are not hermetic and their glass transition 
temperatures are typically low, they are not generally used in MEMS hermetic 
sealing (0-level) or otherwise for permanent wafer-to-wafer bonding. Thus, ad-
hesives lie outside the scope of this work. 

 
Glass frit bonding 
 

Glass frit bonding is founded on using a low melting temperature glass (aka 
glass solder) that can easily be patterned on wafers with a screen printing pro-
cess tolerating higher surface roughness than anodic or fusion bonding. It is 
easy to connect two wafers with lateral electrical lines passing the seal frame, as 
the glass frit is an insulating material (if not doped to increase the conductivity). 
Thus, no additional isolation is needed, which simplifies processing signifi-
cantly. However, the footprint is relatively large (min ~200μm-wide frames), 
especially when compared to metal bonding (40-60-μm-wide frames), and the 
resolution and bond thickness controlling have limitations [7], [19]. In addition, 
the bonding temperature in the glass frit is high (>400°C) and lead precipitation 
from the glass solder may cause serious threats to reliability  in addition to high 
residual gas pressure [19]. Glass frit also contains small amounts of lead, and 
when the target is to reduce the usage of lead in electronics, glass frit bonding is 
not suitable. Regardless of its drawbacks, glass frit bonding is widely used in 
MEMS manufacturing, as presented in Fig. 3, which presents the ST Microelec-
tronics MEMS gyroscope. 

 
Metal bonding 
 

Metal bonding offers several benefits, such as a low leak rate for MEMS her-
meticity requirements, high strength for subsequent processing and a small 
footprint in order to increase the number of elements per wafer [19], [21]. In 
addition, both high-density and small-size MEMS devices as well as 3D-integra-
tion schemes require electrical contacts between wafers, which are easy to ac-
complish with copper-filled TSVs and metal bonds [21], [55]–[57]. Further-
more, the possibility of integrating a MEMS device wafer directly on an ASIC 
wafer is a clear benefit when metal bonding is compared to other wafer bonding 
methods. Some of the metal bonding approaches, such as soldering and eutectic 
bonding, have been utilized in first- and second-level integration for decades, 
which has provided an understanding of the processes and challenges. However, 
many wafer-level metal bonding methods suffer from limited data regarding de-
signing, manufacturing and reliability assessment to be applied industrially, alt-
hough a few commercial MEMS devices with 0-level metal bonds are already on 
the market. In the following sections, metal bonding methods, as well as phe-
nomena related to those, are presented in detail. 
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Figure 3. a) ST Microelectronics MEMS gyroscope utilizing glass frit bonding for hermetic sealing 
and b) a high-magnification image of the bond frame showing the hermetic sealing with a 
squeeze-out (marked with red dashed lines in a). In addition, fusion bonding in the SOI wafer 
is marked. 
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Table 1. Pros and cons of different wafer bonding methods [19], [21], [22]

WB 
method

Typical process 
temperature Pros Cons

Fusion 400-1000°C
Strong bonds

 
High stability of the bond

High bonding temperature 
required for strong bonds

 
Poor surface contamination 

tolerance

Plasma activation usually 
required to ensure voidless 

and strong bonds

Anodic 400-450°C
+ 200-1500 V

Established manufacturing pro-
cess

Widely utilized in MEMS manufac-
turing

 
High bond stability 

High throughput

Non-IC compatible in prac-
tice because of high voltage

 
Limited to glass cap wafers

in practice
 

Migration of sodium ions
 
High bonding temperature 

 
Limited surface topography 
and contamination tolerance

Glass 
Frit 400-500°C

Easy deposition of glass solder

Tolerance for topography over the 
wafers

Established manufacturing and uti-
lization in MEMS applications

Enables electrical routing through 
bond frame

Limited resolution
 

Large footprint

High bonding temperature

Adhe-
sive <200°C

Easy deposition and processing

Low bonding temperature

Non-hermetic

Low strength

Metal 200-430°C

Strong bonds
 

Small footprint/improved pitch
 

Tolerance for topographies and 
surface contaminations

Low to medium bonding tempera-
ture available

Excellent hermeticity for MEMS 
applications

Possibility to combine hermetic 
sealing and electrical interconnec-

tions within the same process

Lack of reliability data
 

Intrinsic stresses

Control of liquid metal 
squeeze-out
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3. Wafer-level metal bonding design 

Metal bond design requires understanding about the available metal bonding 
methods, manufacturing processes and microstructures as well as thermody-
namics and kinetics related to those. In this chapter, these features are covered, 
which is a basis to comprehend the properties and reliability performance of the 
wafer-level metal bonds. Examples from commercial devices having hermetic 
sealing and electrical interconnections manufactured with wafer-level metal 
bonding are presented in Fig. 4: a film bulk acoustic resonator (FBAR) filter 
from Avago (Fig. 4a) and a MEMS 3-axis gyroscope from Invensense (Fig. 4b). 
In Invensense’s 3-axis gyroscope, an aluminum-germanium eutectic bond is 
utilized, and in Avago’s FBAR, a direct gold-gold bond is applied.  

 

 

Figure 4. a) A cross-section of the Avago FBAR device inside the System-in Package (SiP) inte-
gration solution and b) a high-magnification image of the Au-Au direct bond forming the her-
metic seal (marked with red dashed lines in a). c) Cross-section of the quad-flat no-leads 
(QFN) packaged Invensense Inc. 3-axis gyroscope utilizing an Al-Ge eutectic metal bond 
and electrical routing to wire bond pads below the bond frame and d) a high-magnification 
image of the Al-Ge bond (marked with blue dashed lines in c). 
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3.1 Metal bonding and typically utilized metallurgical systems

In this thesis, wafer-to-wafer metal bonding is divided into four different meth-
ods: i) direct metal bonding, ii) soldering, iii) utilization of high-temperature 
eutectic alloys or systems, and iv) solid-liquid interdiffusion (SLID) bonding. 
Liquid is formed in soldering, eutectic and SLID bonding, unlike direct metal 
bonding, in which only the mixing of the metal layers (diffusion) occurs. When 
liquid is formed, rapid dissolution of the contact metal(s) takes place, and thus, 
in the μm scale of modern devices, the thicknesses of the metallizations need to 
be designed carefully in order to achieve the desired microstructure, to control 
the consumption of contact metallizations, and overall to minimize the bonding 
process time. Adjusting the limited heating and cooling rates is extremely im-
portant in order to control the reaction rates and residual stresses in metal 
bonding. In MEMS manufacturing, underfill or flux cannot be used at 0-level 
integration because of the risk of flow on active device areas; however, the 
reader is directed to note the possibility and applicability of the underfill mate-
rials in metal bonding for 3D integration [58], [59]. 

In the following subchapters, a short review of different metal bonding meth-
ods is presented. The reader is advised to note that soldering and eutectic bond-
ing are very similar, and the same alloys are utilized in soldering and eutectic 
bonding terminology. However, these same metallurgical systems are the basis 
of the SLID bonding, which highlights the similarities in the utilization of the 
thermodynamic and kinetic data in these three joining methods, as well as in 
higher level interconnections. The studies in this thesis have been focused on 
lead-free systems, as global concerns and legislative limitation such as the "Re-
striction of Hazardous Materials" (RoHS) and "Waste Electrical and Electronic 
Equipment" (WEEE) directives in the European Union significantly limit the 
usage of lead in electronics [38], [41]. 

Direct metal bonding 
 
Direct metal bonding offers strong bonds without forming a liquid that could 
squeeze out from the bond regions. This also helps in controlling the variation 
in the thickness of the bond over the wafers (as no volumetric or geometrical 
changes take place in practice). However, the requirements for metal surface 
condition and process control are high because of levelling, surface oxidation or 
interface contamination: typically, CMP levelling and some pre-treatments such 
as plasma activation or cleaning of metal surfaces prior to bonding are needed 
[21], [60]–[62]. In addition, in order to accelerate solid-state diffusion, high 
temperatures and long bonding times are needed. Direct metal bonding is also 
referred as thermocompression bonding in the literature [21], [63]. 

A few metal-metal wafer bonds have been presented: copper-copper; gold-
gold and aluminum-aluminum, and mixtures of these have been applied as a 
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wafer-level bond structure for different applications [22], [45], [64]. Both cop-
per and aluminum oxidize easily by forming stable oxides on top of the metalli-
zations. Thus, some type of oxide removal step is needed prior to bonding. Gold 
is a soft metal, and thus deforms easily at an elevated bonding temperature and 
under a pressing force, which enhances the bonding quality. 

Overall, direct bonding requires special attention to be paid to the surface con-
dition of the metals, and methods involving liquid forming are easier to utilize 
in the wafer bonding process. 

Soldering 
 
Soldering has been a standard process in electronics for decades. However, as 
mentioned previously, the MEMS interconnections should sustain at least the 
second-level integration process, i.e., reflow at ~245-265°C for lead-free tin-
based alloys [37], [38], [40], [65]. The Waste Electrical and Electronic Equip-
ment (WEEE) and Restriction of Hazardous Materials (RoHS) directives have 
had a major impact on the utilization of high melting temperature Pb-rich sol-
ders in electronics, and also in metal bonding for joining wafers, and thus SnPb 
solders are not applicable to MEMS 0-level integration, even though otherwise 
these are a viable option [66]. Other proposed solders for wafer bonding or her-
metic sealing have been SnAg(Cu) and SnBi alloys [19], [67]; however, these 
suffer from a low melting point when the second-level interconnection reflow 
peak temperature is taken into account. In this sense, low melting temperature 
solders are not a practical option for reliable wafer bonding, but when applied 
in SLID bonding (consuming low-temperature metal(s) into intermetallic com-
pounds (IMCs), these systems have a significant importance for wafer metal 
bonding. 

Solder alloys are typically either eutectic or near-eutectic alloys. For example, 
AuSn alloys with eutectic composition of (an Au/Sn ratio of 80/20 wt-% or 
71/29 at-%) has been utilized commonly as a high temperature solder in die at-
tachment or flip-chip (FC) applications [68]–[71]. Meanwhile, eutectic bonding 
is a category of its own in wafer bonding where systems applied typically as thin 
films are categorized under eutectic bonding technology, even though these 
metallurgical systems could be categorized as solders when applied as an alloys 
in, e.g., die attachment applications. 

Eutectic bonding 
 
In the literature, when eutectic bonding is referred to in a wafer bonding con-
text, high-temperature eutectic systems such as Au-Si, Al-Si, Au-Sn, Au-Ge, Zn-
Al and Al-Ge (and possible ternary systems as well) are discussed [21], [37], 
[45], [72]. In eutectic wafer bonding, typically, thin layers of metals are depos-
ited and when brought into contact above the eutectic temperature, they mix 
rapidly and form a liquid layer at the bond interface. When the temperature is 
lowered from the bonding temperature, the system solidifies at the eutectic tem-
perature and forms a strong hermetic bond. 
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Au-Si (eutectic temperature 363°C) and Al-Si (eutectic temperature 580°C) 
eutectic systems offer a convenient possibility to bond a metallized wafer di-
rectly to the opposite silicon wafer. Thus, process integration can be simplified 
significantly. Eutectic systems that have aluminum as one member are naturally 
more cost-efficient than gold-based systems, and aluminum is standardly avail-
able in CMOS fabrication. On the other hand, aluminum oxidizes easily, and 
gold surfaces outperform it in this sense. One challenge is to control the “con-
sumption” of the silicon in bond formation as well as to limit the extensive dif-
fusion of the metal into silicon. Another is that silicon surfaces should also be 
oxide- and contamination-free in order to ensure mixing. In addition, the eu-
tectic temperature is high in the case of an Al-Si system, and it is not a viable 
option and in practice not suitable for bonding MEMS to ASIC. The Au-Sn sys-
tem is discussed more in detail in the next chapter, as it is widely used with SLID 
bonding principle. 

Out of all the eutectic bonds, an Al-Ge binary system with a eutectic tempera-
ture of 419°C, with an Al/Ge composition ratio of 72/28 at-%, is widely used 
eutectic wafer bond as it is part of what is known as the “Nasiri platform”, In-
vensense Inc.’s patented [73] system for MEMS hermetic sealing [42]. In this, 
an Al-metallized application-specific IC wafer is bonded to a MEMS device wa-
fer containing a germanium metallization. In commercial products, the alumi-
num layer is buried into passivation layers and opened in the seal ring locations, 
electrical interconnections and on the wire bond pads, as shown in Fig. 4. Al-Ge 
is highly cost-competitive compared to other metal bonding methods, especially 
when compared to gold-based solutions, and both Al and Ge are CMOS-com-
patible [42]. Nevertheless, the bonding temperature (<430°C) is relatively high, 
as it is in most of the eutectic bonding systems. Additionally, the thickness of 
the metal layer around the wafer should be very even to ensure coherent bond-
ing over the wafer, as only a limited amount of liquid is formed to compensate 
for the variations in topography. In addition, both aluminum and germanium 
surfaces oxidize, and therefore some type of pre-treatment is needed, even 
though Ge oxide is easy to remove even it deionized water [73]. However, all 
additional processes increase the cost and wet processes increase the risk for 
damages or stiction of delicate MEMS structures [74]. 

Through research seeking a replacement for high-temperature Pb solders, a 
few alloys have been proposed for eutectic bonding. The ZnAleut alloy has been 
proposed for high-temperature bonding thanks to its low material cost [75]. The 
relatively high eutectic temperature of a Zn-Al system (381°C with an 88.7/11.3 
at.% Zn/Al ratio) has been lowered by alloying it with Mg [76], [77], Ga [76], 
[77], Sn [78], In [79], Cu [80] and Ge [81]–[83]. Mg and Ga are unfamiliar ma-
terials in the IC industry, alloying with Cu offers only a limited decrease in the 
melting temperature and ZnAlSn poses a risk of partial melting of the solder at 
~200°C as eutectic ZnSn is formed. Meanwhile, the addition of germanium to a 
ZnAl binary alloy leads to a decrease in the melting point (381°C->~350°C) [81], 
[83], and germanium is already utilized in the IC/MEMS industry [73]. In pub-
lication 3, ZnAleut and ZnAlGe (Zn 81.4 at.%, Al 13.3 at.%, Ge 5.5 at.%, melting 
point of 354°C) high-temperature alloys were investigated. The results indicated 
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that both alloys consumed a copper substrate more than a nickel substrate un-
der the same soldering conditions simulating a wafer bonding process. As the 
literature lacked microstructural and thermodynamic data, especially regarding 
ZnAlGe alloys, the results complete the understanding of these cost-efficient 
solders. For example, a melting point of 354°C for a ZnAlGe system was meas-
ured with differential scanning calorimetry (DSC). Meanwhile, ZnAleut and 
ZnAlGe are also interesting material systems as these can be utilized in eutectic 
or SLID bonding, as zinc is electroplatable and both aluminum and germanium 
are regularly utilized in the electronics industry in sputtering or evaporatization 
processes. However, when considering eutectic bonding, high bonding temper-
atures are required, and thus the SLID bonding protocol offers significant ben-
efits for the wafer bonding process as well as for topography control. 

Solid-liquid interdiffusion (SLID) bonding 
 

SLID bonding is found on reactions between low and high melting tempera-
ture metals that form intermetallic compounds until all the low melting temper-
ature metal is consumed to IMCs. Thus, the re-melting temperature of the bond 
is typically significantly higher than the bonding temperature. SLID approach 
enables modest bonding temperatures when compared especially to eutectic 
bonding. The method is also known as a transient liquid phase (TLP) bonding 
in the literature [84]–[90]. Out of all possible combinations, Cu-Sn is the most 
frequently selected system as the reactions between these elements are well 
known from solder applications with a practical bonding temperature of 250-
350°C [21], [22], [32], [45], [91]–[101]. The SLID process has four different 
stages: melting, dissolution, isothermal solidification and homogenization, as 
presented in Fig 5. After the low melting temperature metal(s) melts, the disso-
lution of the high melting temperature metal(s) occurs rapidly. However, de-
pending on the bonding metallurgy, solid state reactions may have significant 
contribution especially during the heating stage. In a Cu-Sn system, these reac-
tions are significantly slower than in, e.g., an Au-Sn system [40], [65], [102]. 
The solid-liquid interdiffusion enables rapid intermetallic compound growth 
and subsequent isothermal solidification when the liquid has reacted to IMCs. 
Finally, the bond is homogenized via solid state reactions. Typically, a thermo-
dynamically as stable as possible microstructure is targeted; even a metastable 
one would fulfil at least most of the requirements set for the bond. This is dis-
cussed in more detail in chapter 3.4. The final composition of the bond can be 
designed by setting the metal layer thicknesses and bonding process parameters 
(heating rate, hold time and temperature). Along with the high strength of the 
bond, achieving a high re-melting temperature at a relatively low process tem-
perature is the principal benefit of SLID bonding. In addition, the formation of 
the liquid enables compensation of the topographies of the wafers [19], [22]. In 
addition to symmetric structures on cap and device wafers (as presented in Fig 
5.), asymmetric structures can be applied. This enables to select metallization 
especially on the device wafer that has limitations regarding process integration. 
Furthermore, the formation of microstructure as well as optimization of metal-
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lization and bonding processes are more complex. This asymmetric bonding ap-
proach is described more in detail in chapter 3.2. and is in focus in publication 
4 and 5. 

 
 

 
  

Figure 5. Basic stages of Cu-Sn SLID bonding: a) melting and dissolution (square); b) isothermal 
solidification (triangle), and c) homogenization via solid state reactions (star). 

Cu-Sn 
 

In a Cu-Sn system, two IMCs appear in a temperature range reasonable for 
electronics: Cu6Sn5 and Cu3Sn. It is beneficial to target a Cu/Cu3Sn/Cu structure 
as it has a high re-melting temperature (when the local nominal composition of 
the bond is xSn<0.25, the solid phases are stabile up to ~700°C) and Cu3Sn also 
has a higher fracture toughness than Cu6Sn5 [103], [104]. As discussed previ-
ously, typically, e.g., MEMS devices are subjected to high-temperature pro-
cesses such as possible getter activation (if needed and not activated during the 
bonding process), packaging processes (possible wire bonding, die attachment 
and molding) and soldering. Thus, a thermodynamically stable bond lowers the 
risk of failures in the electrical connections or leaking of the sealing. However, 
if it is desired that wafer bonding throughput be maximized, the bonding hold 
time can be dropped to ~20 minutes from ~60 minutes by leaving the bond 
structure as Cu/Cu3Sn/Cu6Sn5/Cu3Sn/Cu [93]. This might actually be advanta-
geous as wafer processing is a single-wafer process (joined wafers are consid-
ered as a single unit), and it is also possible to continue solid-state reactions in 
a batch oven process for tens of bonded wafers [22]. In publications 1 and 2 
wafer-level Cu-Sn SLID bonds exhibiting the high-strength Cu/Cu3Sn/Cu mi-
crostructure were investigated. In publication 5 a platinum contact metalliza-
tion for a Cu-Sn stack was examined and showed suitability for bonding appli-
cations. 
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Au-Sn 
 

The Au-Sn SLID bonding is widely investigated in the literature [96], [105]–
[111]. A metallization stack of Au and Sn is subsequently electroplated on a sput-
tered adhesion/seed layer stack. Typically, a Ti or TiW layer has been utilized as 
an adhesion layer, and high force is applied in the wafer bonder to reduce the 
risk of de-wetting. Au-Sn SLID bonds have been demonstrated in [33], [96], 
[105], [107]–[110], [112]–[114], and in publication 1 highly reliable Au-Sn 
SLID bonds are presented. An Au-Sn system has also been utilized with copper 
TSVs in vertical interconnections in wafer-level packaging of MEMS devices for 
3D integration [55].  

In order to reach the melting (or more exactly the solidus) temperature of the 
bond above typical MEMS gettering temperatures (300-375°C) [19], [115], 
[116], relatively thick gold metallizations are needed (11:2 μm Au:Sn, see chapter 
3.4.). This raises the cost of the bond significantly; however, if the thermal re-
quirements are not that high, Au-Sn SLID bonding offers a potential integration 
metallurgy for wafer joining. Another way to reduce the cost is to use a ternary 
SLID bonding scheme, where a third element, applied, e.g., as a contact metal-
lization on a MEMS or CMOS wafer, raises the solidus temperature when dis-
solving and reacting with opposite side metal stack. One viable option for this is 
platinum. Even though platinum was proposed as a barrier layer metallization 
for eutectic AuSn solder, it has been demonstrated that platinum dissolves rap-
idly into AuSn-based solder, and raises the re-melting temperature to ~378°C 
[68], [117]–[120]. This can be turned into a SLID bonding scheme: with a small 
amount of platinum dissolved into the Au-Sn system, the solidus and liquidus 
temperatures can be increased significantly, above the typical gettering temper-
atures mentioned previously or if AuSneut solder is utilized in higher-level inte-
gration (e.g., die attachment). In publication 4, the thickness of the platinum 
contact metallization layer is optimized for AuSn/Pt SLID bonding. The utiliza-
tion of platinum (together with adhesion and buffer/barrier layers), makes this 
approach easy to integrate, for example, on ASIC wafers. Results show that by 
using a 200-nm-thick platinum metallization layer as a contact metallization for 
4-μm Au/2-μm Sn bond metallization, high-strength bonds can be achieved 
and, on the basis of the thermodynamic data available in the literature [118]–
[120], the solidus temperature is elevated to ~350°C. 

One challenge with Au-Sn SLID bonding is that gold and tin react rapidly even 
at moderate temperatures of the manufacturing process (e.g., baking steps in 
lithography), and the shelf-life of this metallization stack is limited if it is desired 
to keep pure tin as the topmost layer for the bonding or residual gold on top of 
the adhesion layer [102]. Thus, understanding diffusion and reaction kinetics is 
important for designing metallization stacks for wafer bonding. These aspects 
are discussed in more detail in Chapter 3.4. 
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Other SLID bond systems 
 

In addition to Cu-Sn and Au-Sn based SLID bonds, some other binary and 
ternary systems have been studied. Nickel is another common high melting tem-
perature metal in electronics, and it forms several IMCs with tin. Thus, Ni-Sn 
binary system has been a viable selection for SLID bonding [84], [86], [87], [97], 
[121], [122]. Nickel is electroplatable similar to copper and nickel-tin system 
does not exhibit Kirkendall voiding as Cu-Sn system, however, IMC formation 
related voiding has been detected also in Ni-Sn SLID bonds [97]. In addition, 
nickel is highly ferromagnetic that can induce problems in some applications, 
and has shown poorer mechanical performance than Cu-Sn SLID bonds [97]. 
Another utilized high melting temperature metal is silver, and Ag-Sn SLID 
bonds have been presented [123], [124]. However, silver is more expensive ma-
terial than copper or nickel and it is not as oxidation resistant as gold, silver-
based bonds are not covered in this thesis.  

Tin has been also replaced with another, even lower melting point metal, in-
dium (Mp ~157°C). Therefore, Au-In [86], [88], [125]–[129], Cu-In [130] and 
Ag-In [131]–[133] systems have been demonstrated as metallurgies for SLID 
bonds. Indium based systems have the advantage of low bonding temperature 
(e.g., Au-In 200°C vs. min >280°C in Au-Sn), and e.g., less gold is needed to 
reach a high re-melting temperature when compared to Au-Sn system. Indium 
is applicable together with tin in order to decrease the bonding temperature fur-
ther, as In-Sn eutectic temperature is ~120°C [134]–[138]. Thus, having the 
high melting temperature metal covered with In/Sn stack, SLID bonding can be 
performed at very low temperatures compared to other methods. However, 
more expensive indium is not as widely available material in electroplat-
ing/manufacturing lines as traditional cheaper tin, which limits applicability of 
indium and its potential for metal bonding.  
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Table 2. Comparison of wafer-level metal bonding methods and summary of potential metallurgies
[17], [19], [21], [22], [44], [71], [75], [139], [140]

Bonding 
method

Metal sys-
tem uti-

lized

Typical 
bonding 
tempera-
ture (Tb),
eutectic 
tempera-
ture (Teut)

Pros Cons

Soldering

SnPb
SnAgCu

SnBi
InSn
ZnSn
Au-Sn

Teut

183°C
217°C
139°C
120°C
198°C
280°C

 

- Established 
processes

 
- Fast pro-

cessing
 
- Self-aligning

- Incompatibility of 
RoHS with SnPb

- Remelting tempera-
ture for subsequent 

processing
- Risk of solder flow

Direct 
metal-to-

metal

Cu-Cu
Au-Au
Al-Al

Tb with sur-
face activa-
tion at room 

tempera-
ture

Without 
surface ac-

tivation
200-400°C

- Strong bonds
 
- No risk of ma-

terial (liquid) 
flow

- Surface roughness 
and contamination tol-

erance poor
- High bonding 
force/pressure

- May require post-an-
nealing

Eutectic

Al-Si
Au-Sn
Au-Ge
Au-Si
Al-Ge
ZnAl

ZnAlGe

Teut

580°C
280°C
361°C
363°C
419°C
381°C

350-357°C

- High re-melt-
ing tempera-

ture
- Easy to apply
- Proven suita-
bility for MEMS 

applications
- High-strength 

bonds

- Extended bonding 
duration results in ex-
tensive gold diffusion 

into silicon (Au-Si)
- High bonding tem-
peratures (among 

metal bonding tech-
niques), e.g., Al-Si not 
suitable for CMOS wa-

fers

SLID

Cu-Sn
Au-Sn

Au-Sn/Pt
Cu-Sn/Pt

Au-Sn
Ni-Sn
Au-In
Ag-Sn
Ag-In

Tb 200-
350°C

- High re-melt-
ing tempera-

ture
- Low bonding 
temperature
- Fluxless

- High-strength 
bonds

- Tolerance for 
surface rough-
ness, topogra-
phy and con-

tamination

- No established relia-
bility knowledge

- Voiding in Cu-Sn 
system

- Challenges in pro-
cess integration
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3.2 Manufacturing process for metal bonds

When designing process integration for wafer-level metal bonds, a few aspects 
needs to be taken into account. First, selection of the metal deposition method 
is affected by the metals used and thicknesses required (and vice versa). Several 
metals are electroplatable [141], however, some are available only via sputtering 
or evaporatization process [142]. All these methods have different deposition 
rates and deposited film properties. In addition, there might be limitations on 
the availability of e.g., gold or copper on some manufacturing lines. Second, de-
pending at which phase the metals are deposited when compared to active 
MEMS structures, some structures need to be protected during process flow. 
Meanwhile, for example gold and tin are reacting rapidly even at moderate tem-
peratures applied e.g., in lithography [142]. Thus, if non-reacted tin is wanted 
to be present in the bonding process, process integration should not be ignored. 
Furthermore, good protection of metallizations is needed if these are present in 
vigorous etching processes, as metals can contaminate tools/chambers easily. 
However, this feature is out of scope of this work and not discussed in detail.  

On the other hand, the wafer bonding process is complex and several details 
related to that need to be considered when designing metallizations. In this 
chapter characteristics of metal deposition and wafer bonding process are pre-
sented in the context of this thesis. Overall, for detailed discussion about these, 
reader is advised to familiarize with references [19], [22], [139], [141], [142].  

Metal deposition 
 
Some materials or processes are unwanted, forbidden or challenging regard-

ing process integration on, e.g., CMOS or MEMS manufacturing lines. For ex-
ample, depositing thick enough copper for SLID bonding on an IC wafer or pat-
terned MEMS device wafer may be challenging. In addition, the deposition pro-
cess may induce reliability risks if it is not controlled properly as described in 
chapter 3.3. regarding copper electroplating. In order to examine the process 
integration simplification, platinum was investigated as a contact metallization 
for the Au-Sn system in publication 4 and for the Cu-Sn system in publica-
tion 5, as platinum has been reported to have a slow dissolution rate into sol-
ders when compared to typical metallization materials such as copper, nickel, 
gold and palladium [143], [144]. In publication 5, a reflow process demon-
strating both soldering and SLID bonding was applied to metallizations with 
dimensions relevant for μ-bumps and hermetic sealing of MEMS. The results 
show that platinum dissolves into liquid tin and forms PtSn4 IMC by heteroge-
neous nucleation. In addition, Pt has cross-interaction with a Cu/Sn interface, 
as it was discovered to dissolve into the Cu6Sn5 phase during soldering. This 
phase was interpreted as a (Cu,Pt)6Sn5 phase, and diffraction analysis revealed 
that platinum stabilizes the high-temperature hexagonal crystal structure to 
room temperature, similarly to nickel [145]–[150], gold [145], [151], zinc [145], 
[151] and indium [151], [152]. Thus, when selecting different materials for use 
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on opposite sides of the bond (i.e., on different wafers), the effects of cross-in-
teraction need to be taken into account when designing wafer bonding. Tools 
for this are presented in chapter 3.4. 

Wafer bonding process using metal interconnections 
 
The wafer bonding process can be divided into four different steps: i) align-

ment, ii) applying the force, heat and desired atmosphere, iii) a holding period 
to complete reactions over the wafer and iv) cooling. All these steps have some 
effect on the metal bonding quality, so they are covered briefly in this chapter 
from the design point of view. For a highly detailed description, the relevant 
chapters from the references [19], [22] are recommended for the reader. 

The purpose of the alignment is to ensure that the locations to be bonded meet 
each other (parallel to confirming that active sites are overlapping as designed). 
Even though this may seem simple and trivial, it may have a detrimental effect 
on the yield (in the worst case the wafer pair is scrapped). In addition, increasing 
demands for alignment are set as smaller and smaller dimensions and struc-
tures are utilized. For example, the area of a square-shaped 10-μm micro-bump 
interconnection drops by 75% if a misaligment of 5 μm in both the X- and Y -
directions occurs. Thus, current densities can increase significantly, leading to 
electromigration and heating, both of which can lead to rapid failure of the 
bond. At the same time, the strength of the bond is reduced significantly. Thus, 
taking the limitations and average performance of the alignment process into 
account is extremely important, especially in 3D integration and power-inten-
sive devices. 

Once the wafers are aligned and loaded into a bonding chamber, heating is 
started, if no flushing (with, e.g., nitrogen, argon, formic acid or forming gas) 
has already been performed at room temperature. Especially in SLID bonding, 
as the metals are already reacting at the lower temperatures, the heating rate 
should be as fast as possible in order to reach the melting point of the low melt-
ing point metal before it has been consumed into more stable IMCs [22], [140]. 
The heating rate is typically limited and equipment-dependent, which should be 
taken into account in SLID bonding by depositing enough low melting point 
metal to ensure formation of the liquid phase. 

The temperature hold time is set by the kinetics of the metal system utilized: 
how quickly the desired (stable/metastable) microstructure can be reached. Es-
pecially when bonding CMOS wafers, it is highly important to minimize the hold 
time at a high bonding temperature in order to avoid dopant diffusion [17], [21]. 
Naturally, in high-volume production, maximizing the throughput is also de-
sired, as the hold time at a high temperature dominates the wafer bonding pro-
cess.  

The cooling step is once again dependent on the bonder or bonding setup. The 
wafers can be cooled down slowly or the cooling rate can be accelerated with 
nitrogen or argon gas flow. Even though quicker cooling enables a higher output 
rate, high cooling rates typically increase the stresses because of the differences 
in the coefficient of thermal expansion (CTE) values of the different materials 
used, and may lead to failures.
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3.3 Interconnection microstructures

Properties of the metal bond can be reasoned on the basis of the attained micro-
structure. First, on the basis of the existing phases, the re-melting behavior of 
the bond can be estimated if thermodynamic data is available. In direct and eu-
tectic bonding this is easy, as no IMC formation occurs, as well as in soldering 
where, there is still solder present in the bond structure. In SLID bonding, de-
pending on the IMCs formed, the solidus/liquidus temperature of the bond can 
be evaluated with the help of phase diagrams. In addition, the failure analysis 
of the bond can be performed on the basis of the mechanical properties of the 
phases, especially with the help of the finite element method (see chapter 4.3). 
Second, depending on both the microstructure formed and possible defects in-
duced (e.g., voids, cracks, etc.), the quality of the wafer bonding and prior pro-
cesses such as metal deposition can be evaluated and possible changes to the 
manufacturing adapted. 

Interfaces that are an essential part of microstructures have a significant role 
in wafer bonding, especially in a SLID process. The resulting metal bonds have 
several interfaces in this case because of their complex structure, for example: 
substrate/ (passivation)/ adhesion promoter/ barrier/ metal 1/ IMC 1/ IMC 2/ 
IMC 1/ metal 1/ barrier/ adhesion promoter/ (passivation)/ substrate as visu-
alized in Fig. 6a, and an example of an AuSn/Pt SLID bond exhibiting several 
interfaces is presented in Fig. 6b. Interfaces can be, and often are, the weakest 
link of the bond in a mechanical sense and an easy path for gas leakage. In ad-
dition to reactions between different materials, an important aspect when dis-
cussing interfaces is the deposition method of the material. Some of the pro-
cesses have a preconditioning etching for the surface (e.g., sputtering), which 
promotes adhesion by cleaning and roughening of the surface as well as gener-
ating volatile dangling bonds on the topmost atomic layers, which enhances the 
chemical bonding between the substrate and deposited layers. On the other 
hand, these cleaning steps can be too vigorous for delicate structures such as 
MEMS comb structures, metallizations or thin films implemented on the wafer 
for sensing purposes. Detailed investigation of the interfaces is challenging be-
cause of their nanometer scale; however, interfaces often play a significant role 
in failure analysis. 

In publications 1 and 4 failure modes with interfacial failures were discov-
ered to be dominant in several different SLID bonds tested with shear and ten-
sile tests. Thus, these sites are the weakest link in the bonds. However, on the 
evidence of the strength values obtained, these interfaces are mainly highly re-
liable. Two reliability risks related to interfaces were observed under environ-
mental tests. First, in publication 1 the interface between a TiW adhesion layer 
and a (AuSn+Au5Sn)eut bond was affected by mixed flow gas test volatile com-
pounds. Second, in publication 4 at the interfaces between the TiW and the 
(Ni,Au)3Sn2 phase (on the cap wafer side), as well as between the Ti/SiO2 and 
the Au4Ti[Sn] phase (on the device wafer side), cracking after the thermal cy-
cling test was observed. In the former case, especially chlorine was observed on 
top of the shear-tested bonds, unlike the samples with a TiW/Au5Sn interface. 
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Thus, it is recommended to set the Au/Sn ratio as 6/2 (layer thickness, as de-
scribed in Chapter 3.4) in order to achieve reliable bonds. In the latter case, the 
absence of a molybdenum buffer layer was detected to impact on the cracking 
propensity, and thus, it is recommended to be used. Detailed discussion about 
interfacial failures is given in chapter 4.4.       

 

 
 

Figure 6. A) Schematics of ternary SLID bond and b) an example of interfaces and phases in 
ternary Au-Sn-Pt SLID bond. 

Microstructural analysis 
 
The microstructure of the metal bond determines many aspects: whether all the 
SLID bonding reactions estimated in the design phase have already occurred, 
the phase structure is as expected, any failures have occurred during bonding or 
testing, etc. Optical microscopy (OM) offers reasonable resolution for overall 
characterization of the metal bonds. In addition, the polarization offers the pos-
sibility of revealing the grain structure of, e.g., the Cu3Sn phase, which was uti-
lized in publication 2 in order to study the vertical cracking phenomenon. Ex-
amples of the microstructure of a Cu-Sn SLID bond with unpolarized and po-
larized light are presented in Fig 7.  
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Figure 7. Examples of Cu-Sn SLID bond with a) unpolarized light and b) polarized light from the 
same location. 

However, as OM has limited resolution, the microstructural analysis of the wa-
fer-level metal bonds is founded on a scanning electron microscope (SEM), typ-
ically equipped with energy-dispersive X-ray spectroscopy (EDX) equipment 
and back-scattering electron (BSE) detector. SEM+EDX equipment was utilized 
in all the publications of this thesis. For example, in publications 3 and 5, the 
complex microstructure and phase distribution are easily visualized by using a 
BSE detector, as shown in Fig. 8. 
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Figure 8. Examples of microstructures collected with field emission SEM equipment utilizing a
BSE detector. A) Interface between ZnAlGe and Cu substrate and b) Cu-Sn bonded to Pt.
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It is common in modern electronics that phases and structures well below 1 μm 
are obtained. Here, a transmission electron microscope (TEM) working in scan-
ning mode (STEM) offers a powerful tool for analyzing, e.g., metal bonds. This 
equipment commonly also includes EDX, exhibiting significantly higher resolu-
tion when compared to SEM-EDX analysis because of the interaction volume in 
the sample, and quantitative elemental analysis within a resolution of a few na-
nometers can be performed. In publication 4 STEM+EDX was used in the in-
vestigation of a thin (~200 nm) Au4Ti[Sn] phase formed during the SLID bond-
ing process. In publication 5, TEM diffraction and EDX mapping were utilized 
in confirming the stabilization of the hexagonal crystal structure of Cu6Sn5 
phase when platinum is dissolved into it. An example of STEM analysis is pre-
sented in Fig. 9.  

 

 

Figure 9. Example of a STEM brightfield-imaged AuSn/Pt SLID bonded sample 

 As samples from wafer-level metal bonds are hard to prepare for STEM analysis 
with traditional methods, focused ion beam (FIB) systems have been utilized in 
sample manufacturing. An example of STEM lamella preparation is shown in 
Fig. 10a. Sample manufacturing FIB also offers the possibility of characterizing 
the bonds, as the sample can be milled and imaged with both SEM and ion 
modes. As metal grains are revealed from the polished locations in ion imaging, 
FIB can be used for structural analysis as well. In publication 2, an FIB tool 
with a Ga-ion source and detector was used to investigate the vertical crack path 
along the grain boundaries and through the bond, as shown in Fig. 10b. 
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Figure 10. A) FIB prepared lamella ready for lift-off in STEM sample preparation. The microstruc-
ture is clearly visible on highly flat and well-polished surfaces. B) Image acquired with Ga-
ions in the FIB tool, highlighting the grain structure of the Cu3Sn phase at highly polished 
locations. The intergranular vertical crack passing the bond is also easily detected with this 
analysis. 
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Microstructurally dependent properties of the bonds 
 
Wafer-level metal bond properties can be categorized into mechanical, thermal 
and electrical subcategories, and hermeticity (i.e., the gas leak rate through the 
bond) can be noted separately in MEMS applications. 

The mechanical properties of the phases and interfaces set the strength of the 
metal bond. The Young’s modulus, hardness, tensile strength, fracture tough-
ness and Poisson’s ratio are variables that are traditionally reported for metal 
alloys, and these describe how materials behave under different loads. All these 
link back to the microstructure. 

The melting point, thermal conductivity and coefficient of thermal expansion 
(CTE) are important thermal properties. Thermal conductivity is important in 
high-power devices, in addition to the fact that the heating effect of the compo-
nent should be taken into account in devices utilizing the “More-than-Moore” 
scheme [26]. Thus, thermal conductivity should not be overlooked when design-
ing metal bonding. For wafer integration, the CTE is a practical parameter in 
stress evaluation as the CTE values of the metals are typically significantly 
higher than silicon, III-V devices or glass wafers. Electrical conductivity is im-
portant when electrical contacts are formed in a wafer bonding process. All the 
properties available for different materials relevant to metal wafer bonding are 
presented in Table 3. These are often utilized in the finite element method (see 
chapter 4.3.) as well as in packaging design when new schemes are produced. 
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Table 3. Properties of different materials regularly present in metal bonds and materials utilized in 
this thesis [103]–[105], [121], [153]–[157] 

C
u 3

Sn
 

10
8.

3-
13

2.
7 

2.
85

-5
.7

2 

34
3 

0.
29

9-
0.

32
8 

18
.2

-1
9.

0 
 

67
6 

0.
70

4 

8.
97

 

C
u 6

Sn
5 

85
.5

6 

1-
2.

80
 

37
8 

0.
30

9 

16
.3

  

41
5 

0.
34

1 

8.
28

 

A
uS

n 

70
-

87
 

- 14
6 

0.
3 

14
 

41
8 

0.
57

 

11
.7

 

A
u 5

Sn
 

ζ’
 6

2-
76

 
ζ 

58
 

- 

ζ’
 1

26
 

ζ 
10

0 

0.
4 

ζ’
 1

8 
ζ 

 2
0 

ζ 
’1

89
 

ζ 
 5

21
 

- 

16
.3

 

Sn
 

41
 

- 7 

0.
33

 

22
 

23
1 

0.
63

 

7.
29

 

C
u 

12
0-

12
9.

8 

- 

37
 ( B

ri
ne

ll)
 

0.
33

9-
0

.3
50

 

16
.2

  

10
83

 

3.
86

2 

8.
92

 

A
u 

77
.2

 

- 

36
.5

 

0.
42

 

14
.4

 

10
63

 

3.
01

 

19
.3

 

Si
 

13
0-

18
8 

- 

96
30

 

0.
06

4-
0.

28
 

2.
49

 -2
.7

 

14
12

 

- 

2.
33

 

Pr
op

er
ti

es
 

Yo
un

g’
s 

m
od

ul
us

 (
G

Pa
) 

Fr
ac

tu
re

 to
ug

hn
es

s 

M
Pa

/m
0.

5  

H
ar

dn
es

s 
(V

ic
ke

rs
) 

Po
is

so
n’

s 
ra

ti
o 

C
TE

 a
t r

oo
m

 te
m

pe
ra

-

tu
re

 (p
pm

) 

M
el

ti
ng

/p
ha

se
 tr

an
si

-

ti
on

 p
oi

nt
 (°

C
) 

Th
er

m
al

 c
on

du
ct

iv
it

y  

(W
/c

m
-K

) 

D
en

si
ty

 (g
/c

m
3 )

 

 



Wafer-level metal bonding design

38 

 

3.4 Thermodynamics and kinetics in metal bonding

In order to rationalize the formation and evolution of the interconnection mi-
crostructure, a thermodynamic-kinetic method is needed [18]. The available 
thermodynamic data (typically in the form of phase diagrams, isopleths or NP 
diagrams) provides an estimation of what phases can be observed in bonding 
and operating temperatures based on the used metallization. Additionally, these 
data indicate possible phase changes during cooling in the wafer bonding pro-
cess, subsequent processing, testing or during operation. Furthermore, these 
phase changes might have an impact on the reliability of the wafer bond. Thus, 
combining the formation and development of the microstructure with the finite 
element method helps to avoid trial-and-error circles and enhance development 
lead time.  

The binary systems utilized in metal bonding are often well known and metal 
layer thicknesses and bonding temperatures can easily be decided on the basis 
of, e.g., a binary phase diagram, taking into account the typical process tolerance 
above the melting point (20-40°C). For ternary systems, isothermal sections at 
the bonding temperature serve a similar purpose, but the same thermodynamic 
data in the format of liquidus projections, isopleths or NP diagrams offer pow-
erful tools in bond microstructure analysis. First, the effect of the dissolution of 
a third element into a binary system (e.g., Pt into Au-Sn as provided in publi-
cation 4) and the rise in the re-melting temperature (and isothermal solidifi-
cation at the bonding temperature) can be reasoned directly from a relevant iso-
pleth. Meanwhile, kinetic data is important as reaching a thermodynamically 
stable microstructure can take a relatively long time even at an elevated temper-
ature but a sufficiently metastable microstructure can be reached within a few 
minutes. Therefore, process optimization and cost reduction can be accom-
plished by knowing: i) what the expected microstructure is and ii) how fast the 
desired stable or metastable microstructure is formed. Kinetics in the context of 
wafer-level metal bonding is discussed in this section and combined with ther-
modynamics into a thermodynamic-kinetic approach, and it is applicable from 
IC manufacturing to system-level integration in the field of electronics.  

The thermodynamics describes the phase equilibria between dissimilar mate-
rials. Even the information provided by the thermodynamic data represents 
complete phase equilibrium, and as this is rarely (if ever) attained in electrical 
interconnections, stable and metastable local equilibria are regularly met at the 
interfaces [18]. Thus, the thermodynamics provides valuable information on the 
stability of the phases, possible reaction products and diffusion paths, as well as 
the driving forces for chemical reactions. These help significantly in designing 
the layer structures for wafer-level integration. 

 
Driving force for chemical reactions 

The reason for reactions occurring is founded on the Gibbs free energy:  
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,    (1) 
 
where T is the temperature, p is the pressure and H and S are the enthalpy and 

the entropy of the system, respectively. By differentiating the G, one gains the 
result  

 
,   (2) 

 
where μi is the chemical potential of an independent specie in the system and 

ni is the number of moles of this specie. The chemical potential is described as 
being “the cause of a chemical reaction or the tendency of a substance to diffuse 
from one phase to another” [18]. 

Equilibrium is not an unambiguous concept; instead, it is often divided into 
three separate states: (1) complete, (2) local and (3) partial thermodynamic 
equilibria. Complete equilibrium is reached when the Gibbs free energy has 
reached its minimum value, i.e.: 

 
 .    (3) 

 
Meanwhile, in local thermodynamic equilibrium, only equilibrium at the in-

terfaces between different phases occurs. Activity gradients in adjoining phases 
exist and diffusion takes place if there are no kinetic barriers. In metal bonding, 
separate diffusion barriers can used in order to reduce reaction rates by acting 
as kinetic obstructions [18].  

The local equilibrium is at the center of attention when the structures of the 
microelectronic interconnections are discussed, as complete global thermody-
namic equilibrium is rarely reached. Partial equilibrium differs from local equi-
librium in such a way that only some components of the system are in balance. 
Some fast processes might occur significantly rapidly when compared to some 
others that take place more slowly. If the rapid ones fulfill the requirements of 
stable equilibrium (and slow ones are so sluggish that they can be ignored, tak-
ing into account the limits of error), the system can be considered to be in equi-
librium with respect to fast processes [18].  

There might, as is often the case, be different restrictions on reaching the 
global energy minimum. Thus, metastable equilibrium is often encountered, es-
pecially when discussing interconnections in electronics. Metastable equilib-
rium describes a local minimum of the total Gibbs energy of the system, and 
similarly to a stable situation, metastable equilibrium can be complete, local and 
partial. Local metastable equilibrium occurs regularly in electronic products 
[40], [65].  

Metal bonding for wafers offers excellent examples of equilibrium concepts. 
For example, in optimal Cu-Sn SLID bonding after tin melts, copper atoms dis-
solve rapidly in the liquid and the interface between the Cu and supersaturated 
Sn is in a local metastable equilibrium before the Cu6Sn5 phase nucleates [18], 
[40], [65]. Another example is when one or more interfacial intermetallic com-
pounds are not observed between two phases. In Publication 5, most of the 
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Pt-Sn IMCs were not observed between the PtSn4 phase and bulk Pt even after 
annealing. On the other hand, the target of SLID bonding is to achieve a ther-
modynamically stable microstructure, e.g., the Cu/Cu3Sn/Cu layer in a Cu-Sn 
binary system. However, when this structure is expanded slightly, it might be 
considered metastable, as grain growth/morphological changes and reactions 
between the adhesion layer and residual copper might take place, but these re-
actions are either extremely slow or too insignificant to have any effect on the 
bond properties. For electrical joints, the operating temperatures are most often 
sufficiently low that the microstructures have lifetimes exceeding the technolog-
ical needs [40]. Often, only the chemical driving force is covered when their sta-
bility is discussed. 

Phase diagrams 
 
Phase diagrams are the simplest basis for metal bond designing from the ther-
modynamics point of view. Phase diagrams overall are graphical representa-
tions of phase stability in the temperature-pressure-composition space. The 
pressure dimension is not often presented, i.e., pressure is selected to be con-
stant. Classically, phase diagrams have been constructed experimentally by 
making alloys that have different compositions and then analyzing the systems 
as a function of temperature with methods such as X-ray diffraction, differential 
scanning calorimetry, microscopy, etc. However, the phase diagram reflects the 
state of equilibrium and it is possible to create it on the basis of the calculation 
of the equilibrium state. This is called a calculation of phase diagrams (CAL-
PHAD method), which is described more in detail, for example, in [18]. CAL-
PHAD was used in publication 5 in order to produce a thermodynamic de-
scription for Cu-Pt-Sn system.   

The simplest form of a phase diagram is a description of a binary system and 
it can be utilized for metal bond design in a few ways. First, the estimation of 
the microstructure can be read directly when the design of the device is decided 
(e.g., the desired re-melting temperature), and the nominal composition can be 
fixed. Then the nominal composition can be translated into layer thicknesses as 
described below. Second, the expected microstructure can be modeled mechan-
ically if the mechanical properties of the individual phases are known. 

When it is desired to present the nominal composition of AnABnB as layer thick-
nesses (hi), the thickness ratio of deposited metal layers that have the same area 
can be stated [22]: 

   (4) 

 
where ρi is the density of the compound i, ni is the amount of the substance i 

and Mi is the molar mass of the compound i. From this, the original thicknesses 
of metals can be designed. As discussed earlier, in the Cu-Sn SLID bonding part, 
a Cu/Cu3Sn/Cu final structure is desired because of the higher re-melting tem-
perature and fracture toughness, and the residual copper layer on both sides 
ensures that de-wetting from the adhesion layer does not occur. In addition, the 
residual copper can act as a stress buffer layer between the silicon and brittle 
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Cu3Sn IMC as it can deform plastically. The Cu-Sn binary phase diagram is pre-
sented in Figure 4. We can calculate the limit for the minimum thickness ratio 
of Cu and Sn in order to convert all the Cu6Sn5 to Cu3Sn by using the equation 
(4): 

 

.  

Thus, e.g., a 3/2 μm Cu/Sn stack on both wafers results in the desired two-
phase region. If it is desired to increase the cavity height, set by the thickness of 
the metal stack, it is easy to increase the thickness of the copper, as increasing 
the thickness of the tin would lead to a longer bonding time because of the solid-
state reactions in converting the Cu6Sn5 phase to the Cu3Sn phase [93]. How-
ever, if it is desired to accelerate the bonding process and the Cu6Sn5 phase can 
be present in the bond, the minimum Cu/Sn ratio needed just to consume all 
the pure tin is ~0.52 according to equation (4). Similarly, 11/2 Au/Sn ratio can 
be calculated in order to reach solidus temperature above 280°C in Au-Sn bi-
nary system by utilizing data provided e.g., in [105]. 

 

 

Figure 11. A Cu-Sn binary phase diagram based on the thermodynamic data presented in [65]

The formation of the previously described microstructures needs kinetic con-
sideration. In a Cu-Sn system, interdiffusion occurs at temperatures below the 
melting point of the tin. In order to simplify the microstructure formation de-
scription of the Cu-Sn SLID bond, solid state reactions are ignored at this point, 
although these have a significant impact on the bonding process, as described 
in chapter 4.4. 

First, after the tin melts at 232°C, the copper dissolves rapidly into the liquid 
tin and reaches metastable solubility, which is higher than indicated by the 
phase diagram (showing stable solubility) [65]. After that, the formation of a 
Cu6Sn5 phase by heterogeneous nucleation occurs rapidly. Interdiffusion be-
tween the Cu and Sn continues, and the Cu3Sn phase starts to grow between the 
Cu6Sn5 phase and the Cu, although the formation of the Cu6Sn5 phase dominates 
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[101], [158]–[162]. As the bonding temperature is typically clearly above the 
melting point of tin, the diffusion of compounds and the IMC formation are 
rapid and the isothermal solidification process is relatively quick. Last, homog-
enization of the bond i.e., transforming all the Cu6Sn5 phase into Cu3Sn in solid-
state reactions clearly takes more time and a focus on the hold time in wafer 
bonding is needed [93]. 

In many cases, more than two metals form the bond if a third metal is applied 
either as a contact metallization or barrier layer, and thus ternary descriptions 
are needed. Typically, these are isothermal sections presenting the phase equi-
librium at one temperature, which are significantly easier to read than 3D rep-
resentations with a temperature scale. These diagrams can be utilized in metal 
bond designing by i) estimating which phases and phase stabilities could 
form/occur and ii) estimating the diffusion path. The former can typically be 
done easily by using nominal composition. However, the latter is more difficult 
to perform without experimental data, as there are typically several possibilities 
for diffusion path.    

As an example, isothermal sections at a bonding temperature of 320°C for the 
Au-Pt-Sn-system presented in publication 4 and for the Zn-Cu-Al system in 
publication 3 are presented in Figure 12. The Pt was observed to dissolve into 
the AuSn, as indicated by the thermodynamic data presented in the literature 
[118]–[120]. For the Zn-Al-Cu system, the separation of the γ phases (Cu9Al4 
and Cu5Zn8) investigated elsewhere in the literature [163] could be confirmed, 
and overall, the isothermal section formed on the basis of microstructural anal-
ysis of the experimental diffusion pair. In addition, the disappearance of the 
CuZn4 phase under annealing at 150°C was reasoned, the growth of the Cu5Zn8 
phase explained and the growth rate constant determined for this and a diffu-
sion path between a copper substrate and ZnAl(Ge) high-temperature solder al-
loys constructed. The same was also done for a nickel substrate. 

As mentioned, the same thermodynamic data can be utilized for producing 
isopleths and NP diagrams. These offer a valuable additional visualization of 
the system as a function of temperature. Isopleths show the phase stability along 
some line in the isothermal sections; however, the quantities of phases cannot 
be determined from these. Instead, NP diagrams give the amount of different 
phases directly as a function of temperature with some nominal composition. 
Both isopleths and NP diagrams can be used in metal bond design as, e.g., the 
solidus and liquidus temperatures of the bond can be determined directly from 
these. An example of an isopleth, presented in publication 4, is presented in 
Fig. 13a, where the effect of platinum dissolved into the gold-tin bond is visual-
ized. The rise in the solidus and liquidus temperatures (i.e. the re-melting be-
havior) is easy to read. The rise in the solidus temperature is highlighted with a 
green dashed line in Fig. 13a. Examples of NP diagrams are given in Fig. 13b, 
where one can read the amount of phases with 200-nm platinum contact met-
allization for a 4-μm Au + 2-μm Sn SLID bond. 
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Figure 12. Isothermal sections of a) Au-Pt-Sn system at 320°C and b) Al-Cu-Zn system at 150°C. 
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Figure 13. A) Isopleth along the contact line presented in Fig. 12a and b) an NP diagram of a Au-
Sn-Pt SLID bond when complete mixing of 4-μm Au, 2-μm Sn and 200-nm Pt layers is as-
sumed.   
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4. Mechanical characterization and reli-
ability of wafer-level metal bonds

Mechanical strength and reliability are major features that are vital to the 
wafer bond. Reliability is often stated as the ability of the device, component or 
system to perform the required functions under defined conditions for a speci-
fied time [18], [34]. In the case of applications for harsh environments and 
safety-critical applications, such as in the automotive or aerospace field, signif-
icant controlling based on standards (for example ISO/TS 16949 or AEC-Q100) 
needs to be performed in order to improve the quality and prevent defects. All 
these are connected to the requirements for wafer bonding (among all other in-
terconnection levels), which also establishes the baseline for reliability. In this 
chapter the reliability of wafer bonds is discussed, followed by the methods for 
the characterization of reliability. 

4.1 Mechanical characterization

There are no standardized conveniently process-integratable tests or values to 
fulfill for the mechanical strength of bonded wafers, or chips diced from these, 
when compared to die/package to substrate or wire bonding methods (e.g., 
ASTM F 1269-89, JESD22-B117 or MIL-883 standards). The MIL-883 standard 
states minimum values for die attachment [31], which can also be used as a good 
estimate for wafer bonds. The subsequent processing establishes requirements 
for the mechanical strength of the bonds, as wafers are thinned and devices are 
diced from the wafer stack and molded into a plastic housing, and chips are not 
subjected to high mechanical stresses once they are in normal operation. 

Tensile testing of wafer bonding adhesion strength has been used for fusion 
and anodic bonding [164], [165]. In the case of metal bonding, shear testing is a 
significantly more common mechanical testing method [33], [91], [92], [109], 
[166], [167]. Both tensile and shear strength can provide useful information for 
the analysis as a specimen can exhibit different behavior under different loading 
arrangements. For example, in publication 1, a statistically significant de-
crease in the strength of a Cu-Sn SLID bond after a thermal shock test was ob-
served only with a tensile test, and corrosion damage at the interface between 
adhesion layer of the TiW and AuSn SLID bond was distinguished only with a 
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shear test. Surface flaws or weak interfaces can fracture under one type of load-
ing and volume defects under another [164]. Subsequent processes of wafer 
bonding, such as backgrinding, CMP and dicing, generate multiaxial stresses in 
the bond regions. The bond strength distribution around the bonded wafer pair 
can be used for evaluation of the preceding process step (e.g., estimating the 
effect of variation in the thickness of the electroplated layer). The typical bond 
strength within wafer bonds is in the range from tens to ~150 MPa [92], [109], 
[110], [114], [166]. 

In a tensile test, chips are glued to studs, and the studs are fixed to a mechan-
ical tester. A tensile load is applied and the force that is needed to break the 
sample is recorded. Special attention should be paid to the location of the fail-
ure, as failures in the fixing glue should never be used in the analysis [164]. This 
setup is used for evaluating die attachment [168] and wafer bonds [169]. In 
publications 1, 2 and 4, a tensile test is applied to SLID bonded wafers. In 
publication 1, a tensile strength of ~90 MPa was recorded for Cu-Sn and Au-
Sn SLID bonds, and correspondingly ~80 MPa for an Au-Sn stack bonded to a 
200-nm-thick platinum contact metallization in publication 4. 

Shear testing of metal bonded wafers is typically performed similarly to die 
attachment investigations, in practice with the same equipment. However, in 
these setups, the required force needed for metal bond failure may not provided 
by these mechanical testers. Thus, special shear test vehicles or setups are 
needed. Tollefsen et. al. [110] demonstrated a shear test setup with a heating 
stage, in order to study the temperature dependency of the strength up to 
300°C. In papers 1 and 4, a shear test vehicle for strong SLID bonds is used. 
This setup provides a uniaxial load, which is transformed to a shear force in 5x5-
mm chips and prevents chip rotation, which significantly enhances the reliabil-
ity of the strength data [31]. Even the setup is simple, the stress state is complex 
as described in publication 1 and discussed in chapter 4.3.  

A shear strength of ~275 MPa was measured for a Cu-Sn SLID bond in pub-
lication 1. Meanwhile, in the same work, ~120 MPa was determined for an Au-
Sn SLID bond, which is on the same scale as has been reported in the literature 
[92], [109], [110], [114]. On the other hand, a nickel barrier layer between a TiW 
adhesion layer and an Au seed layer was observed to increase the shear strength 
to ~160 MPa, even though the Ni reacted with the Au-Sn stack and formed an 
(Ni,Au)3Sn2 IMC at the interface. When an Au-Sn stack was SLID bonded to a 
platinum contact metallization (publication 4), the bonds exhibited a shear 
strength of ~180 MPa, comparable to the Au-Sn/Sn-Au scheme. Thus, the re-
sults indicate that high-strength bonds can be achieved concurrently with rais-
ing the re-melting temperature, as described in chapter 3.4.   

A double cantilever beam test is often applied for bonded wafers. However, it 
suffers from many drawbacks, such as cracking of the wafers in the preliminary 
step of the test, and the repeatability of the method is modest [164]. Further-
more, methods requiring destructive testing of a whole wafer induce a major 
time and cost issue for statistical testing, and knowledge about strength distri-
bution around the wafer (area mapping) is lacking. This information is highly 
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valuable in metal bonding as it can also be used for evaluating prior manufac-
turing steps such as electroplating, and clearly localized variation in bond 
strength indicates problems in preceding manufacturing processes.   

Another wafer bonding adhesion test is what is known as the (micro-) Chevron 
test [30], [164], in which a special structure of the bonded interface is patterned. 
This method requires specific shape patterning on the wafer, which is a major 
drawback, as it needs to be integrated into the designing of the mask, and it does 
not indicate the strength of the actual device chip. Thus, random selection of 
test chips over the wafer is not possible, at least not without affecting the num-
ber of actual devices attained. In addition, modeling is inevitably needed in the 
analysis. Furthermore, special attention to the sample preparation is needed, as 
misalignment of the fixing studs causes major inaccuracy in the method. 

The failure does not always occur at the bond, but instead, e.g., in the silicon, 
and thus the bond strength is not evaluated in these cases. However, the weakest 
point is revealed and the strength of the overall geometry is recorded. Then 
these results can be taken into account in the designing and verification that the 
device fulfills the application requirements. One example of the visualization of 
the weakest link through the fracture mode analysis is presented in publica-
tion 4 and illustrated in Fig. 14. 
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Figure 14. Fracture mode analysis in Au-Sn/Pt SLID bonds 
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4.2 Reliability tests

Environmental tests are standardized in electronics in order to study the life-
time of the device in an accelerated manner. A high-temperature storage (HTS) 
test at 150°C for 1000h is a method that is widely applied after manufacturing 
in order to study reactions in operation, which can damage the device. For a 
metal wafer bond this means in practice that, if the bond is not in thermody-
namic equilibrium after bonding, solid state reactions may occur and some 
phases may disappear and new phases form. These reactions may involve volu-
metric changes, so stresses or even failures in the bond may appear, which can 
lead, e.g., to loss of the hermeticity of a MEMS component. HTS has been ap-
plied in all of the publications of this thesis in order to simulate reactions taking 
place during the operation of a device. 

Thermal cycling and shock tests are other systematically applied assessments 
for electronic components. As temperature changes evidently appear in almost 
all electronic devices, and even in their assembly processes, it is important to 
distinguish the weak locations as soon as possible. In wafer metal bonding the 
CTE mismatch between the silicon (or other typical wafer material such as glass 
or alumina) and the bond is large, and may lead to high stresses in the bond or 
at the interfaces. A thermal shock test is utilized in publications 1, 2 and 4 to 
study the reliability of the wafer-level metal bonds. A thermal shock test was 
discovered to result in vertical cracks in the Cu3Sn phase in Cu-Sn SLID bonds 
(publications 1 and 2), and was linked to the voiding level of the bonds (pub-
lication 2). This phenomenon is described in more detail in chapter 4.4. In 
publication 4 a thermal shock test caused cracking in one sample group of Au-
Sn-Pt SLID bonds. An underlying (with respect to platinum contact metalliza-
tion) molybdenum layer seemed to have a significant impact on the reliability, 
as the sample group exhibiting cracking in the thermal shock test did not have 
a Mo layer implemented.     

A mixed flow gas (MFG) test is not often applied to study the reliability of wa-
fer bonds. However, the plastic housing of the chip might be reduced in size, 
and some MEMS components need to be subjected to the surrounding environ-
ment (e.g., microphones), and thus impurities in the parts per billion range in 
the operating environment can easily interact with the metal bonds. In publi-
cation 1, an MFG test was utilized in Cu-Sn and Au-Sn SLID bond reliability 
testing. It was discovered that when (AuSn-Au5Sn)eut is in contact with a TiW 
adhesion layer, the shear strength of the bonds is reduced after the MFG test 
when compared to bonded samples. Chlorine ions were found with EDX on top 
of the (AuSn-Au5Sn)eut fracture surface, and thus, their interaction with the 
TiW-(AuSn-Au5Sn)eut bonds was assumed. This then caused a statistically sig-
nificant decrease in the shear strength. SLID bonds with TiW-Au5Sn-TiW, TiW-
(Ni,Au)3Sn2-Au5Sn-(Ni,Au)3Sn2-TiW and TiW-Cu-Cu3Sn-Cu-TiW microstruc-
tures were not affected by the MFG test with respect to mechanical strength, 
even though some reactions between corroding agents and IMCs were discov-
ered. 



Mechanical characterization and reliability of wafer-level metal bonds

50 

4.3 Finite element method

The finite element method (FEM) offers a powerful tool in designing structures 
and tests along with the possibility of modeling the stress distributions under 
mechanical and environmental tests as well as during the operation of the device 
[157], [170], [171]. It is also a very effective method for, e.g., MEMS device and 
packing design, and thus it is a fundamental part of the Design for Reliability 
(DfR) for electronic devices [34], [172]. In this work, it is categorized as a part 
of reliability test design and failure analysis, as i) it was applied for gaining an 
understanding of stresses and strains in mechanical testing and ii) it was applied 
to model stresses and the effect of voids in Cu-Sn SLID bonds under thermal 
shock testing. Weak spots can be recognized prior to the first manufacturing, 
and most of all, the number of expensive and time-consuming manufacturing-
testing cycles can be reduced. In addition, even though preliminary stress dis-
tribution models are not comparable to those that appear in actual loading con-
ditions, FEM modeling can be utilized in the selection of appropriate test setups 
and time-consuming broad testing protocols can be simplified. FEM can also be 
seen as a crucial part of the design of experiment (DoE) approaches to finding 
reasonable testing protocols. 

The large CTE mismatch between the metals and the silicon wafer leads to 
tensile stress in the bond. In the case of a Cu/Sn SLID bond, the Cu3Sn phase, 
formed in between the residual Cu layers, has the highest CTE value (see Table 
3). Thus, the highest tensile stress is formed in this phase at low temperatures 
(in a thermal shock test, and also in cooling steps such as in wafer bonding, 
MEMS getter activation and the reflow of second-level interconnections).  

In publication 2, FEM was utilized in thermal shock test design as several 
parameters, such as the cap wafer thickness or bond seal ring size compared to 
the silicon, may impact on the stress level in the bond. The results highlight the 
effect of voids in the Cu3Sn phase on the local stress level. On the other hand, 
many insignificant factors could be ruled out by FEM from empirical tests. In 
publication 1, the complex stress distribution around the seal ring under shear 
testing was evaluated and the results were used in the reasoning of the fracture 
mechanics. For example, it was discovered that the high-stress regions for that 
specific design were at the corners of the seal ring as visualized in Fig 15. A nat-
ural step would be to reinforce those locations by, e.g., increasing the bonded 
area there. 



Mechanical characterization and reliability of wafer-level metal bonds 

 

Figure 15. Finite element model for shear test stress analysis and shear strain distribution in 
shear testing 

4.4 Typical failure modes in wafer-level SLID bonding 

Failure modes, such as interfacial or cohesive fractures, reveal the weakest links 
in reliability testing. In publications 1, 2 and 4 Cu-Sn-, Au-Sn- and Au-Sn-Pt-
based SLID bonds were tested mechanically after bonding as well as after envi-
ronmental tests. The failure modes were identified and reported. As reported in 
the literature, interfacial failures and cohesive failures of the bond and substrate 
materials occurred [109]. Thus, in addition to measuring the strength of the 
bonds, it is important also to analyze the fracture surfaces and combine the re-
sults to find the weakest point of the bond. 

Publication 4 reported four different Au-Sn-Pt SLID bonds including a fail-
ure mode analysis as bonded and after high-temperature storage and a thermal 
shock test. Some differences between sample groups were noted: 

1) a thicker (200 vs. 100 nm) platinum contact metallization on 
the MEMS device wafer resulted in a more uniform Au4Ti[Sn] 
IMC layer between an (Au,Pt)Sn and (Ti)/Mo/Ti adhe-
sion/buffer metallization stack. This improved the mechanical 
strength by preventing failure initiation at this interface; 

2) the 200-nm-thick molybdenum layer that was deposited be-
low the Pt/Ti metallization prevented bond interfacial crack-
ing under a thermal shock test, which was observed in micro-
structural analysis, as well as reduced tensile strength. The 
CTE of molybdenum is between those of Si and AuSn IMCs, 
and thus it can act as a buffer layer for thermal stresses. 

Au-Sn SLID bonds (publication 1) showed differences in failure mode anal-
ysis depending on the bond microstructure. A few differences were observed:  

 
1) the (AuSn+Au5Sn)eut structure against the TiW adhesion layer 

failed and showed a lower bond strength when compared to 
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the sample group with the Au5Sn phase against TiW (in both 
mechanical tests). Within this group, the failure in the shear 
test was highly mixed between failures at the previously men-
tioned interface and cohesive bond failures through the Au5Sn 
phase. In a tensile test, the improved strength of the bond-TiW 
interface resulted in cohesive silicon fractures, highlighting 
the strength of the bond;  

2) implementing a nickel buffer layer between TiW and the Au 
seed layer improved the mechanical strength, which again was 
observed as a changed failure mode (an interfacial failure be-
tween the TiW layer and the (Ni,Au)3Sn2 phase formed). The 
(Ni,Au)3Sn2 phase seemed to i) have improved adhesion to the 
TiW layer and ii) prevent crack propagation through the bond 
in the shear test. For tensile strength, the improved adhesion 
prevented crack initiation at the TiW interface and resulted in 
increased strength. However, reaction products between sul-
fur and chlorine corrosive agents and the (Ni,Au)3Sn2 phase 
were detected at this interface after the MFG test. This could 
imply a reliability risk for hermetic sealing. Thus utilization of 
the nickel barrier should be carefully investigated if these types 
of SLID bonds are subjected to corrosive environments. Over-
all, these examples highlight the effectiveness of having failure 
mode analysis results for bond design. 

 
Along with Au-Sn SLID bonds, publication 1 discussed the strong Cu-Sn 

bonds that were achieved. The high strength linked to failure modes:  
1) in the shear test, cohesive bond fractures in the Cu3Sn phase 

were discovered to dominate as a failure mode. Additionally, 
some interfacial failures between residual Cu and the Cu3Sn 
IMC, as well as between Cu and TiW, were detected; 

2) in the tensile test, cohesive silicon fractures below the bonds 
were observed. However, these bonds are highly reliable 
from the mechanical strength perspective. 
 

On the other hand, the failure mode changed in tensile testing after the ther-
mal shock test as the number of transversal cracks through the bond increased 
and the microstructural analysis revealed vertical cracking in the Cu3Sn phase. 
Here, reducing the risk of vertical cracking would improve the reliability of the 
bonds. In publication 2 this vertical crack phenomenon was linked to the void-
ing level of the Cu3Sn phase. As voiding in the Cu-Sn system (particularly in the 
Cu3Sn phase) has been reported and discussed extensively in the literature re-
lated to reliability, a brief summary of the phenomenon is given below and re-
sults related to Cu-Sn SLID bonding are presented. 
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Voiding in Cu-Sn system 
 

Voiding in the copper-tin system is often referred to as Kirkendall voiding be-
cause of the difference in the diffusion rate of copper and tin in Cu6Sn5 and 
Cu3Sn intermetallics [173]–[175]. However, Yin et al. [176] showed that actually 
the copper purity level has a drastic effect on the voiding: high-purity copper 
foils practically do not exhibit voids at all, while electroplated copper with em-
bedded impurities from plating bath additives shows higher levels of voiding. 
Similar effects are also reported in [40]. It has been proposed that electroplating 
parameters and bath chemistries related to the additives (chlorine ions, bis(3-
sulfopropyl)-disulfide, SPS, and polyethylene glycol, PEG) impact on voiding, 
along with the copper grain structure and the IMC growth kinetics [176]–[183]. 
Additionally, results corresponding to those of Yin et al. have been demon-
strated in the literature [95], [183]–[185]. Ross et al. [177]–[179] studied the 
effect of the electroplating process, and the results showed that the voiding level 
differs if the electroplating bath chemistry and current density that is applied 
are changed. The results conclude that the level of voiding can be controlled by 
the plating process, and the commercial electroplating solutions are process pa-
rameter-sensitive. A reason for this has been proposed by Liu et al. [180]: im-
purities block “vacancy sinks” (e.g., dislocations, other defects and interfaces) 
and vacancy annihilation is reduced. This leads to a rise in the vacancy concen-
tration above the thermodynamic equilibrium values, resulting in vacancy con-
densation into voids. Experimental results presented by Hsiao et al. support this 
theory [186]. Altogether, one should pay attention to controlling the copper 
electroplating process parameters and the condition of the bath in high-volume 
manufacturing, as in practice electroplating is the only viable deposition 
method for copper structures in interconnection technologies. Impurities that 
finally end up in IMCs (especially Cu3Sn), may become located at the grain 
boundaries and have an effect on the mechanical properties and reliability un-
der environmental tests.  

In SLID bonding, it is not only the copper electroplating that can provoke 
voiding. What is termed contact region voiding, arising from the excessive 
growth of the Cu6Sn5 phase in the wafer bonding process, may induce larger 
voids in the center region of the bond. Liquid tin gets trapped in pockets be-
tween Cu6Sn5 grains, and if the bonding force is not high enough, in some re-
gions the final Cu3Sn grains on opposite sides of the bond do not meet as there 
is a volume contraction when Sn is consumed to Cu6Sn5, as well as when the 
Cu6Sn5 phase is transformed into Cu3Sn through reactions with copper [140]. 
This effect is illustrated in Fig. 16, and it has been recommended to control the 
heating rate in wafer bonding process in order to have a more even layer of 
Cu6Sn5 IMC [22]. Nickel has been utilized as a third element in the system (as a 
barrier between a Cu/Sn stack, as a substrate for a thin Cu layer or as an alloying 
element in the tin) in order stabilize the (Cu,Ni)6Sn5 phase at the interface and 
inhibit voiding in the bond [40], [187]–[189]. 
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Figure 16.  Schematic presentation of contact region voiding formation in Cu-Sn SLID bonding 
and contact region voiding in a Cu-Sn SLID bond with too low a bonding force. 

Both the condition of the electroplating bath and contact region of voiding 
may increase the risk of metal bond failure under environmental tests or in op-
eration [187]. In publication 2, the effect of voiding on the propensity to crack 
under thermal shock testing was studied, and the results highlight the increased 
number of vertical cracks through the Cu3Sn phase in samples exhibiting higher 
voiding levels. It was suggested that the difference in voiding levels between the 
sample groups originated from the condition of the electroplating bath, i.e., us-
ing a fresh bath showed lower voiding levels after SLID bonding. The finite ele-
ment method was used to study the effect of voids on stress levels induced by 
the CTE mismatch between Si, Cu and Cu3Sn phases. High local stress centers 
are generated next to voids, and especially at low temperatures (or during cool-
ing), it was reasoned that high tensile stress cracked the bond. On the evidence 
of microstructural analysis, the cracking was mainly intergranular, and thus, 
promoted by the impurities. Overall, the results highlight the importance of a) 
controlling the deposition of the copper layers and b) avoiding voiding in the 
contact region by controlling the wafer bonding process.  
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5. Summary

Metal bonding offers several benefits in comparison to other wafer bonding 
methods. It reduces the area required for hermetic sealing and thus increases 
the number of devices on a wafer. Also, relatively low bonding temperatures can 
be used, especially with the SLID bonding principle. In addition, strong and her-
metic bonds are achieved. Furthermore, metal bonding provides an opportunity 
to combine easily hermetic sealing and electrical interconnections for, e.g., TSVs 
within the same process. In order to provide new reliability data, as well as 
bonding metallurgy information, Cu-Sn(-Pt) and Au-Sn(-Pt) systems and ZnAl-
eut and Zn-Al-Ge solders were investigated. 

On the evidence of the results obtained in this thesis, it was concluded that 
Cu-Sn and Au-Sn(-Pt) SLID bonds result in high-strength bonds that are ther-
modynamically stable. These bonds are highly reliable under environmental 
tests, and the failures observed in some of the tests are reasoned and guidance 
is given on how to avoid these failures. For example, the voiding commonly de-
tected in Cu-Sn systems was found to have an effect on the vertical cracking 
propensity of the Cu3Sn phase, and controlling the voiding level by adjusting the 
copper electroplating process is necessary. Platinum was also used as a contact 
metallization for a Cu-Sn stack, and interfacial reactions, as well as the develop-
ment of these under annealing, were described. It was discovered that platinum 
stabilizes the hexagonal Cu6Sn5 phase in a similar way to that previously de-
scribed for, e.g., nickel and gold. 

ZnAleut and Zn-Al-Ge high-temperature solder alloys exhibited extensive IMC 
formation with copper and nickel, a phenomenon required in successful solder-
ing, eutectic or SLID bonding. On the evidence of the microstructures that were 
observed, isothermal sections and phase stabilities at 150°C were reported. 
     

The thesis includes five publications and the following conclusions are pre-
sented. 

 
In publication 1 the mechanical strength of Cu-Sn and Au-Sn SLID bonds is 

presented after the bonding process as well as after environmental tests (ther-
mal shock, high-temperature storage and mixed flow gas test). The results show 
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that strong bonds were created. A 4-μm/2-μm ratio in electroplated Au/Sn lay-
ers resulted in a microstructure having mainly Au5Sn phase, and (AuSn + 
Au5Sn)eut at the interfaces against TiW adhesion layer. These bonds failed at this 
interface in the mechanical tests. The 6-μm/2-μm Au/Sn ratio in the electro-
plated layers was observed to result high strength SLID bonds and exhibit mix 
of cohesive cracking of the bond and the underlying silicon and interfacial fail-
ures as a failure mechanism. Further, a nickel buffer layer between the seed gold 
layer increased the strength of the bond. However, two statistically significant 
decreases in mechanical strength were observed after environmental tests. It 
was detected that a MFG test attacked the interface between the TiW adhesion 
layer and (AuSn + Au5Sn)eut two-phase region, as chlorine was observed on top 
of the fracture surfaces in mechanically tested samples and the shear strength 
was reduced. Meanwhile, the interface between the TiW and the Au5Sn phase 
was not affected by the MFG test, highlighting the necessity of increasing the 
gold-tin ratio in order to avoid a weaker interface. A buffer nickel layer between 
TiW and the seed gold layer was found to participate in the Au-Sn reactions and 
form a (Ni,Au)3Sn2 phase. This increased both the shear and tensile strength of 
the bond; however, the implementation of a nickel barrier layer might induce a 
reliability risk in a corrosive environment. Cu-Sn SLID bonds exhibited high 
strength; however, cracking in the vertical direction was observed in the Cu3Sn 
phase after a thermal shock test. Evidently, this vertical cracking reduced the 
tensile strength of the bonds by increasing the transversal cracking of the bond 
in the tensile test.  

 
Publication 2 discusses the vertical cracking phenomenon in more detail. The 

connection between the voiding level of the Cu3Sn phase and propensity to ob-
serve cracking in the IMC was examined. The voiding level, arising from the 
copper plating bath condition, had a direct impact on i) the number of thermal 
cycles (-60 - 150°C) needed to initiate cracking and ii) the number of cracks ob-
served after different numbers of cycles. FEM modeling was used to rationalize 
the effect of various parameters on the stress state of the bond, and voiding was 
identified as significantly increasing the maximum principal stress in the bond 
as a result of the CTE mismatch between the silicon and bond metals. 

 
In publication 3, the interfacial reactions between common base materials uti-

lized in electronics (Cu and Ni) and zinc-aluminum/zinc-aluminum-germa-
nium alloys were investigated. ZnAl-based systems offer an extremely cost-ef-
fective solution for soldering, eutectic or SLID bonding methods. In addition, 
both Al and Ge are CMOS-compatible metals, which offers significant process 
integration benefits. First of all, the exact melting behavior of a ZnAlGe alloy 
with a known composition was investigated with differential scanning calorim-
etry and compared to the well-known ZnAleut. A melting point of 354°C was rec-
orded for a ZnAlGe alloy with a composition of Zn 81.4 at.%, Al 13.3 at.% and 
Ge 5.5 at.%. Second, the microstructures between the base materials (Cu and 
Ni) and ZnAl-alloys were investigated i) after reflow simulating a wafer bonding 
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process as well as ii) after annealing at 150°C for up to 3000h. On a copper sub-
strate, the Cu5Zn8, Cu9Al4 and CuZn4 phases were formed after the bonding pro-
cess. CuAl and ternary Al4Cu3Zn phases were discovered as a part of the micro-
structure after annealing. On a nickel substrate, the rapid formation of Ni5Zn21 
and Al3Ni2 IMCs was detected during bonding. Third, germanium was not de-
tected as participating in any major IMC reactions, and the results indicated 
that the interconnection microstructures under a typical wafer bonding process 
can be estimated from investigations performed with a ZnAleut alloy. This bene-
fits the metallization design without extensive and expensive testing of the 
ZnAlGe solder. Finally, the isothermal sections for Al-Cu-Zn and Al-Ni-Zn at 
150°C were presented. 

 
Publication 4 focused on evaluating platinum as a contact metallization for an 

Au-Sn SLID bond. As discussed in this thesis, the selection of a suitable contact 
metallization on a MEMS device or IC wafer can be challenging. Platinum offers 
a practical solution for this issue as it is CMOS-compatible and oxidation re-
sistant metal. Strong SLID bonds were achieved as bonded, and particularly af-
ter environmental tests (high-temperature storage and thermal shock tests). A 
200-nm-thick platinum contact metallization with an underlying molybdenum 
layer (that can be used as a redistribution layer) resulted in the highest strength 
and the most reliable bond structure. A thinner (100-nm) Pt layer was reliable 
as no cracks or decrease in mechanical strength were observed after environ-
mental tests. However, when the Mo layer was absent, interfacial cracks were 
observed after a thermal shock test, which also reduced the mechanical 
strength. The differences in the mechanical strength were observed to correlate 
with fracture mode analysis. In addition, thermodynamic data in was applied to 
reason the effect of dissolved platinum into the Au-Sn metallization, and both 
solidification of the microstructure and re-melting behavior as a function of 
platinum layer thickness was analyzed with isothermal sections, isopleth and 
NP diagrams. 

 
Publication 5 focuses on the applicability of a platinum contact metallization 

for a Cu-Sn stack. Pt was discovered to dissolve into liquid tin and form a PtSn4 
phase at the interface through heterogeneous nucleation. Furthermore, plati-
num was observed to participate in Cu-Sn reactions: it dissolves into a Cu6Sn5 
phase and stabilizes the hexagonal crystal structure according to SEM/STEM-
EDX and TEM diffraction analyses. An extended soldering time results in a 
bond microstructure of Cu/Cu3Sn/(Cu,Pt)6Sn5/PtSn4. Overall, the bonding tests 
indicate the viability of a platinum metallization for, e.g., CuSn/Pt SLID bond-
ing. Under annealing at 150°C, a Cu6Sn5 phase with monoclinic allotropy was 
detected to grow between the (Cu,Pt)6Sn5 phase and Sn in samples that had re-
sidual tin after the soldering process. On the evidence of the thermodynamic 
analysis, platinum has a strong stabilization effect on the Cu6Sn5 phase, simi-
larly to, in particular, nickel, as previously reported in the literature. As this sta-
bilization effect has been reported to increase the reliability of solder intercon-
nections, this discovery can be utilized for further investigations that are also 
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related to second-level interconnections. In addition, a thermodynamic descrip-
tion of a Cu-Pt-Sn system is presented in the form of isothermal sections, an 
isopleth and a Gibbs energy diagram of a Cu6Sn5 phase as a function of the ter-
nary elements of Pt and Ni.  

 
In conclusion, this thesis presented results applicable to the development of 

metal bonding. The reliability data provided is the basis for design stabile and 
mechanically strong bonds. The following recommendations are made on the 
basis of the results: 

1) an (AuSn+Au5Sn)eut microstructure against a TiW adhesion 
layer should be avoided. By fixing the Au/Sn thickness ratio 
(with the layers having the same area) to ~6/2 and taking into 
account the variability in the thickness caused by the deposi-
tion method, the bond consists of an Au5Sn phase and the me-
chanical strength is increased, and reliability under environ-
mental tests is also improved;  

 
2) as the copper voiding level has an impact on the vertical crack-

ing propensity, it should be managed by controlling the elec-
troplating process; 

 
3) ZnAl(Ge) high-temperature solder alloys form good metallur-

gical bonds with copper and nickel substrates. Thus, these ter-
nary or quaternary systems could also be applied with the 
SLID bonding principle in addition to eutectic bonding;  

 
4) a 200-nm-thick platinum contact metallization with an under-

lying 40-nm-thick Ti adhesion layer/200-nm-thick molyb-
denum buffer layer/40-nm-thick Ti layer is applicable as a 
structure for contact metallization for a 4-μm Au/2-μm Sn 
stack in order to reach high strength and highly reliable wafer-
level SLID bonds having elevated re-melting temperature;  

 
5) platinum can be used as a contact metallization for a Cu-Sn 

system and utilized for wafer bonding with a cap wafer metal-
lized with a TiW/Cu/Sn stack and a device wafer metallized 
with a Ti/Pt stack. In addition, the stabilization effect on the 
Cu6Sn5 phase could be expanded to solder interconnection 
studies as well. 

 
Based on the experimental and theoretical work presented, SLID bonding of-

fers a feasible wafer-level platform for MEMS device integration for applications 
targeted also for harsh environments. Combining materials compatibility and 
development of the microstructures to failure analysis enables to predict relia-
bility performance in metal bonds. The results obtained in this thesis can be 
utilized in designing reliable metal bonds for MEMS manufacturing and in 
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higher-level interconnections such as flip-chip and ball-grid array (BGA) appli-
cations, as well as in advanced packaging technology development in the 3D in-
tegration of electronics and in the More-than-Moore scheme. This enhances the 
development and helps to reduce both cost and time when evermore powerful 
devices are designed and manufactured. 
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