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1 Introduction

1.1 Motivation

Three-dimensional (3D) integration is a promising technology for reducing power consumption and
increasing the signal processing speed of semiconductor devices. The primary drivers for the intro-
duction of 3D integration are the form factor, performance and high volume low cost production. The
form factor improvements include the reduction of the system dimensions such as volume, weight and
footprint. The performance is enhanced by the increase in integration density and by the decrease
in interconnect length which result in improved transmission speed and lower power consumption.
The current research work [1] aims to contribute to these improvements by demonstrating a low
temperature wafer bonding technique based on nanocopper sintering for 3D integration applications.
Furthermore, the combination of different optimized base technologies such as microelectromechanical
systems (MEMS) and complementary metal-oxide-semiconductor (CMOS) can significantly decrease
manufacturing costs compared to monolithic integration, leading to high volume low cost produc-
tion [2, 3, 4].

Recently, the advantages of 3D integration have been demonstrated by numerous bonding tech-
nologies such as metal-to-metal bonding, oxide-to-oxide bonding and polymer bonding [5]. Metallic
contacts realized by wafer and die level bonding find many applications in the integration of MEMS
and CMOS devices [6, 7]. High temperature bonding techniques such as direct bonding exhibit excel-
lent bond strength values, but are severely limited by the thermal budget of the application. Existing
metal-metal bonding techniques also require a relatively high processing temperatures [8]. Problems
associated with high temperature bonding include thermal stress generation, especially for dissimilar
materials used in hybrid bonding, and defect generation which degrades the reliability of the devices
on the bonded wafers [9]. Therefore, considerable interest is shown in novel processes and materials
that achieve a reduction in temperature for wafer bonding techniques for 3D integration.

Copper (Cu) has generated growing interest in the area of very large scale integration (VLSI)
interconnection technology as the dominant candidate for the conducting material. The reduced cost
of copper compared to those of silver or gold make it a preferable economic alternative as an inter-
connect material [10]. Its main advantages over aluminum are high electrical conductivity and high
electromigration resistance [11, 12]. These characteristics are becoming of vital importance for im-
proving the performance of electronic devices by reducing the resistor-capacitor (RC) delay as the size
of VLSI circuits decreases [13, 14] in accordance with Moore’s law.

Nano-structured metals are being investigated intensively as an alternative solution for such
semiconductor interconnection challenges [15]. Metallic pastes based on nanoparticles offer the distinct
advantage of sintering at temperatures significantly lower than the bulk metal melting temperature
[16]. The reduction of sintering point with decreasing particle size is attributed to the increased sur-
face area of nanoparticles which provides higher surface energy and reactivity [17].

Nanocopper metallic paste combines the aforementioned advantages by offering a low-temperature
processing material compatible with modern IC metallization techniques based on Cu. Furthermore,
its lithographical patterning demonstrated in this paper recommends its use in wafer stacking for 3D
integration. For these reasons we have investigated and developed a low temperature wafer bonding
technique based on metallic nanoparticle sintering.
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1.2 Objectives

The current research work on wafer bonding was conducted using a nanocopper material trade-
marked as CuantumFuse® and developed by Dr. Zinn from Lockheed Martin [18]. Due to the novel
nature of the nanocopper paste, there was limited information available regarding the nanocopper
structure and properties. Since the current work was the first attempt to utilize this nanocopper
material for wafer bonding, difficult processing challenges needed to be overcome. Futhermore, novel
patterning techniques such as lithographically defined screen printing of nanocopper paste were devel-
oped. Therefore, an exploratory research approach was adopted by focusing on obtaining prelimi-
nary results of wafer bonding and nanocopper interconnect patterning process technologies rather than
performing an in-depth study of the underlying physical phenomena. A list of the project objectives
is presented below.

e Perform a literature review to determine the current state-of-the-art wafer bonding techniques
and quantify the associated challenges relevant for the current work such as achieving metallic
bonding at low temperatures.

e Develop a low temperature wafer bonding method and interconnect patterning technique based
on nanocopper sintering.

e Characterize, quantify and optimize the quality of the newly developed wafer bonding and
interconnect patterning techniques by performing mechanical and electrical measurements on
the fabricated devices.

The types of experiments performed within the current research work are illustrated schematically
in Fig. 1. A detailed explanation of the thesis structure is provided in section 1.3.

Wafer bonding
Die bonding Nanocopper using
using wet interconnect nanocopper
etching patterning sintering
Die bondin: | | _to-
using 9 Nanocopper|(Nanocopper V:af::: to wa.fer
Lith hicall onding using
i i dI f'ogr:p roen nhanocopper s-heet contact hanocopper
Si0,-Si0, || Al-Al e :l;ntisl::;een sintering resistance || resistance s
die die
bonding ||bonding

Nanocopper

Sintered

Shear bond . Bond interconnect| [nanocopper
strength interface contact structure
tests analysis resistance analysis

Figure 1: Schematical illustration of the experimental work conducted within the current research
project.
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1.3 Organisation of the Thesis

The current thesis is organized into 7 chapters. Chapter 1 offers a brief overview of the current
research work and presents the project objectives, report structure and the relevant 3D integration
challenges . The introductory section 1.1 provides the motivation for the current work by matching
the current requirements in 3D integration with advantages offered by the proposed wafer bonding
technique based on nanocopper sintering. The chapter continues with a description of the objectives
in section 1.2 and is concluded by a brief outline of the thesis report given in section 1.3.

Chapter 2 provides the theoretical background based on a literature review of state-of-the art
wafer bonding techniques, surface interactions, wafer specifications and bond characterization meth-
ods. The first section 2.1 focuses on identifying challenges associated with low temperature wafer
bonding techniques applicable to the current research work. The surface preparation and wafer pa-
rameters relevant for this project are presented in section 2.2. Section 2.3 offers a brief explanation
of the theory behind the characterization methods utilized to measure the mechanical and electrical
parameters of the interconnect structures fabricated using nanocopper sintering.

Chapter 3 presents the first experiment on die bonding based on surface activation using wet
etching. The first section 3.1 describes the sample preparation and mechanical characterization based
on die shear tests of silicon dioxide dies bonded using hydrofluoric acid (HF) etching. Section 3.2
gives an insight into the sample fabrication and characterization procedure based on bond strength
and electrical measurements of dies bonded using partial etching of aluminum. The conclusions 3.3
provides an overview and evaluation of the obtained results and discusses possible improvements for
future work.

Chapter 4 describes the development, fabrication and characterization of the nanocopper intercon-
nect patterning using lithographically defined screen printing. Section 4.1 contains an explanation of
the sample fabrication procedure. The screen printing process is presented in section 4.2 with focus
on the challenges encountered and the solutions found to optimize the nanocopper screen printing
process quality. The photoresist lift-off process employed to pattern the screen printed nanocopper
is described in section 4.3. The measurements and results are presented and analyzed in section 4.4.
The concluding section 4.5 offers a summary of the results, provides explanations for the observed
effects and gives an outlook for future improvements and applications.

Chapter 5 describes the main experiment of this research project focused on the development of
a wafer bonding technique for metallic 3D interconnect fabrication using nanocopper sintering. The
investigation of fused nanocopper sheet resistance is presented in section 5.1. It includes the sam-
ple fabrication procedure, the description of the nanocopper fusing process parameters and finally
the sheet resistance measurements with conclusions and explanations based on the obtained results.
Section 5.2 describes the nanocopper-to-bulk Cu contact resistance experiment. After the sample
fabrication procedure is explained, the details of the nanocopper fusing process are given, followed
by the description of the contact resistance measurements. The fabrication procedure details are
presented and possible optimizations of the technique utilized are discussed. The results are pre-
sented and analyzed, followed by explanations of the observed phenomena and conclusions. Section
5.3 describes the in-situ nanocopper fusing measurements. The sample fabrication of the nanocopper
structures on a PCB are described along with the experimental setup and fusing parameters. The
results are presented and conclusions are drawn based on the result analysis and observed nanocopper
fusing effects. The transmission electron microscope (TEM) analysis of the nanocopper material is
presented in section 5.4. Important results regarding the nanocopper particle structure are gathered
and analyzed. The mass loss ratio variation with temperature is investigated using thermal gravimet-
ric analysis (TGA) in section 5.5. The nanocopper fusing temperature point is estimated based on
the TGA results. Section 5.6 describes the die-to-die bonding experiment using nanocopper sintering.
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After explaining the sample fabrication procedure, the die bonding parameters are given, followed by
the qualitative measurements of the contact resistance. Scanning electron microscope (SEM) imag-
ing of ion-milled cavities is employed to analyze the structure of the sintered nanocopper-bulk Cu
interface. The porosity and changes in the nanocopper layer after the sintering process are measured.
Die shear tests are utilized for evaluating the bond strength of dies bonded using nanocopper. The
results are summarized and valuable conclusions are drawn based on the results analyzed. Section
5.7 describes the final experiment on wafer-to-wafer bonding using nanocopper sintering. The im-
portant data and conclusions gathered from the previous experiments are employed to optimize the
wafer bonding process. After describing the sample preparation procedure, the bonding process is
explained. Further sample processing details are given including top wafer removal for access to the
test structure for electrical measurements. The contact resistance measurements are described and
the results are discussed with explanations found for the observed effects. The sintered nanocopper
structure and bond interfaces are analyzed based on SEM imaging. Using these results, modifications
to the nanocopper internal structure during the sintering process are correlated with the mechanical
and electrical properties of the fabricated interconnects. Finally, the results from the entire chapter
are summarized and conclusions are established based on the observed effects. Possible improvements
for optimizing the nanocopper interconnect fabrication and bonding process are provided.

Chapter 6 gives a brief outline of the current thesis starting from the theoretical background and
ending with recommendations for future work. The most important results obtained from the ex-
periments conducted on interconnect fabrication and wafer bonding using nanocopper sintering are
presented. The effects observed during the fabrication and characterization steps are summarized and
explained, with focus on process optimization. Possible improvements to the developed nanocopper
patterning and wafer bonding techniques are discussed by giving an outlook for future research work.

The appendix chapter 7 provides extra theoretical background information on wafer bonding tech-
niques, surface preparation procedures and wafer parameters.
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2 Theoretical Background

2.1 Wafer-to-wafer bonding

Wafer bonding is a key packaging technology for 3D integration by which two semiconductor wafers
are joined. Currently, wafer bonding finds many applications in the micro- and optoelectronics indus-
tries. Among these, the most prominent uses are substrate fabrication for modern integrated circuits
(IC) such as Silicon on insulator (SOI), Silicon on glass (SOG) and Silicon on sapphire (SOS), 3D
stacking of processsed layers and encapsulation of MEMS and nanoelectromechanical (NEMS) systems.

Wafer bonding techniques can be classified into (a) methods without an intermediate layer such as
fusion and anodic bonding and (b) methods with intermediate layers such as adhesive bonding based
on polymers as is illustrated schematically in Fig. 2. Generally, each method has its advantages and
drawbacks. Direct or fusion bonding typically requires special wafer surface conditions and prepara-
tions. The utilization of an intermediate layer overcomes this challenge at the expense of issues with
instability, bond strength and the hermetic seal of the bond interface. Further differentiation can
be made based on the processing temperature. The use of high temperature annealing can result in
high bond strength as is the case for fusion bonding. However, this severely restricts the application
range. Therefore, there is a significant interest in researching techniques for reducing the processing
temperature in wafer bonding.

‘ Wafer Bonding Technologies ‘

‘ Without intermediate Iayer‘ ‘With intermediate layer ‘

| Eutectic }——{ Adhesive |
Plasma Thermo-

activated compression | Glass frit }——{ Reactive |

Figure 2: Wafer bonding classification

The thermocompression and eutectic bonding techniques are of particular importance for the
current developed method based on nanocopper sintering. The diffusion of metal atoms examined
within subsection 2.1.1 is relevant for gaining valuable insight into metallic bonding applicable to the
current method. Furthermore, the metal-metal interface formation during eutectic bonding in subsec-
tion 2.1.2 offers important information for the nanocopper-bulk Cu bonding developed in the current
work. Therefore, the current chapter focuses on the 2 aforementioned wafer bonding methods, with
fusion bonding, adhesive bonding and the other techniques being presented in the appendix chapter 7.

2.1.1 Thermocompression Bonding

Thermocompression bonding is a technique based on the diffusion of metals using heat and pressure to
achieve wafer bonding. It is also referred to as diffusion bonding, thermocompression welding, solid-
state welding or pressure joining. The most commonly used metals are gold, copper and aluminum
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(Al) due to their high diffusion rates and ductile properties [19]. The diffusion process of metal atoms
is based on lattice vibration [8] and is classified into:

e Surface diffusion
e Grain boundary diffusion

e Bulk diffusion

Surface diffusion, also named atomic diffusion, is the process describing the movement of atoms
from surface to surface in order to free energy. The diffusion rate is influenced by the bonding con-
ditions, mostly by the process temperature and applied pressure. Surface diffusion is the most rapid
diffusion process, although grain boundary and bulk diffusion also play important roles [20]. The grain
boundary diffusion is based on the free migration of metal atoms in free atomic lattice locations. This
process occurs in polycrystalline layers and is based on the movements of atoms along the boundaries
of atomic lattice mismatches and grains. Bulk diffusion is based on the movement of atoms within
the lattice by exchanging locations with vacancies. The bulk diffusion rate increases exponentially
with temperature and starts to play a significant role above half of the melting point of the material [8].

Surface topography variations must be reduced as much as possible in order to provide an intimate
contact between the two metallic surfaces. A CMP process is employed to bring the surface roughness
value below 1 nm root mean square (RMS) [9]. Organic contaminants can be removed by UV-ozone
exposure [21], wet etching or ion bombardment [9]. Plasma treatment of the metal surface can be
used to increase the diffusion rates and improve the bonding quality [8].

Typical metal deposition techniques include sputtering, evaporation and electroplating. The slow
deposition rate of sputtering and evaporation limits the thickness of the metal layer to a few microme-
ters. For thicker layers, electroplating is the method of choice. However, electroplating usually results
in layers with higher amounts of impurities and increased surface roughness. Diffusion barrier layers
consisting of silicon nitride or dioxide are used. Additional layers for protection against diffusion and
enhacing adhesion are deposited using titanium (Ti), nickel (Ni), titanium nitride (TiN) or tantalum
(Ta) [22].

During the bonding process, the two wafers are brought into contact and a high force is applied,
acting to reduce the warp and bow in the wafer. The pressure needs to be sufficient to produce plastic
deformation of the non-uniformitites in the metal layer. Furthermore, the uniformity of the applied
force is essential to ensure that the two metal surfaces are brought within atomic contact. Also, by
increasing the uniformity of the applied force, the applied pressure can be lowered, which reduces the
risk of damaging the structures on the wafer surface. When applying a higher pressure, the processing
temperature can be reduced, which allows for some flexibily in the bonding conditions [22]. In order to
avoid oxidation of the metal layer, the bonding process is performed under an inert atmosphere such
as nitrogen or under vacuum. Gases which prevent oxidation like formic acid vapor or which reduce
the metal oxides such as forming gas (hydrogen and nitrogen mixture) are used inside the bonding
chamber. The inert gases also prevent the rise of thermal gradients across the wafers by improving
heat conduction. CTE mismatch control is crucial for proper aligning right before bonding. A Cu-Cu
connection realized using thermocompression bonding is shown in Fig. 3.

Typical conditions used for thermocompression bonding are 400-450 °C for Al-Al, 260-450 °C for
Au-Au and 380-450 °C for Cu-Cu at bonding pressures in the range of 30-120 MPa. [22] Lowering the
process temperature has attracted significant interest recently and room temperature bonding using
surface activated bonding (SAB) has been reported by Taniyama et al. [9]. This technique enables
the bonding of Si-Si/Au-Au/Cu-Cu wafers using a low-energy ion beam to provide surface activation
followed by bonding under vacuum. An argon fast atom beam (Ar-FAB) is used for etching the metal
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Figure 3: SEM image of a Cu interconnect bonded by thermocompression to a Cu pad showing a
high quality Cu-Cu bond interface [23].

surface and remove surface contaminants and any metal oxides. A force in the range of 100-1000 kgf
is applied to the wafer pair under a pressure of 107° Pa. Succesful bonding is achieved, with bond
strength values extracted from tensile tests of 16 MPa for Si-Si and 12.4 MPa in the case of Au-Au
[9].

Cu-Cu bonding using SAB at room tempearature has been reported by Kim et al. [24]. Using an
ultra high vacuum (UHV) environment and a low energy (40-100 eV) Ar ion bombardment, Cu-Cu
wafers were successfuly bonded at room temperature. A bond strength in excess of 6.47 MPa was
measured using tensile tests. Atomic force microscopy (AFM) meausurements revealed that the sur-
face roughness was kept below 2 nm RMS. No increase in surface roughness was observed after surface
activation using ion beam etching. The bond interface was inspected using transmission electron mi-
croscopy (TEM), showing a good atomic contact, without any visible voids, as illustrated in Fig. 4.

Figure 4: TEM image of bonded Cu-Cu interface: (a) low magnification, (b) high-resolution and (c)
magnified high resolution showing bonded lattice structure at the interface [24].

Surface preparation is crucial for successful thermocompression bonding. Atomic contact between
the two metallic surfaces is required for the diffusion process to occur. Furthermore, impurities and
oxidation can significantly disturb the bonding process by reducing the diffusion rates. Oxidation
is a particularly challenging issue for Cu-Cu bonding. Consequently, the removal of oxide layer and
impurities as well as preventing re-oxidation are needed. Aluminum and copper oxides can be removed
by wet or dry etching. A solution of hydrochloric acid (HC1) is commonly used to remove copper oxides
before bonding [25]. Formic acid (CH20O3) vapor cleaning is a dry etching process which can also be
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used during the bonding process to prevent re-oxidation of the copper surface. The cuprous oxide
(Cuz0) reduction mechanism by formic acid is presented in Eq. 1 [26].

Cuz0 + CH2045(g) — 2Cu + H20(g) + CO2(g) (1)

Dry etching avoids immersion in fluids, reducing the etching of underlying passivation and dieletric
layers [8]. This is very important, as even traces of oxygen can result in copper oxidation at tempera-
tures above 200 °C. The effect of formic acid vapor cleaning is illustrated in Fig. 5. Copper oxidation
is avoided even under thermal cycling to 400 °C for 20 min when formic acid treatment is used. This
shows that Cu-Cu surface diffusion can be significantly improved using surface treatments such as
formic acid vapour.

Figure 5: Cu films annealed at 400 °C in vaccum: (a) unpassivated and (b) cleaned and passivated
with formic acid vapour [8].

Thermocompression Cu-Cu bonding is currently used together with CMOS processes for the fab-
rication of vertical ICs and MEMS devices, gyroscopes and pressure sensors [21]. Companies such as
IBM and Intel have adopted this technique to reduce interconnect length in 3D ICs for processor-on-
processor and memory-on-processor chips using Cu bonding together with Through-Silicon Via (TSV)
technology. Currently, the most popular method in industry is thermocompression at temperatures
in the range on 300-400 °C due to its simplicity and lower costs [8].

2.1.2 Eutectic Bonding

Eutectic bonding decribes a wafer bonding technique based on eutectic metals. Such materials posses
the distinct property of passing from a solid to a liquid state at a particular temperature and compo-
sition without going through a two-phase equilibrium. These specific temperature and composition
values constitute the eutectic point of the alloy. The main advantage of this technique is that the
eutectic temperature of the metal allloy is much lower than the melting temperature of one or both
of the constituent metals in their pure state.

The metal mixture known as the eutectic alloy can be deposited by dual source evaporation, elec-
troplating or sputtering. Alternatively, the alloy can be produced through diffusion reactions of pure
metals followed by melting the eutectic mixture [20]. Other advantages of eutectic bonding include
relatively low processing temperatures, hermetically sealed packages, high bond strength, good reli-
ability and low resultant stress in the bonded wafer pair. Control of important parameters such as
applied pressure, bonding pressure and time are essential for successful eutectic bonding [27].

Eutectic bonding based on Au-Si alloy has attracted considerable interest in applications such as
the fabrication of pressure sensors and fluidics. It offers the advantages of high bond strength and
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low processing temperature [27]. The variation of melting temperature with alloy composition and
temperature for Au-Si is illustrated by the phase diagram in Fig. 6. The eutectic temperature of Au-Si
is only 363 °C, much lower than the melting points of Au (1064 °C) and Si (1414 °C). This eutectic
point recquires an alloy composition of 19 at.% Si and 81 at.% Au [28]. At this concentration, the
alloy will be in a liquid state while the temperature is above the eutectic value (363 °C). When the
temperature is reduced or the concentration ratio decreases below the liquid line, the composition
will solidify. While the Au and Si layers are in atomic contact, the atomic diffusion is increasing
with temperature. This diffusion leads to the formation of an Au-Si alloy at the bond interface.
As the composition of this mixture reaches the Au and Si concentrations corresponding to the eu-
tectic point, the alloy passes from a solid to a liquid phase, which accelerates the diffusion process [29].
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Figure 6: Au-Si phase diagram [28].

As the wafers cool down below the Au-Si eutectic temperature, the resulting solidification causes
epitaxial growth in both the gold and silicon layers on the substrate wafer. This leads to the formation
of silicon islands in a polysilicon gold layer, as illustrated in Fig. 7 [30]. Below the eutectic point, gold
diffuses into silicon and not vice versa, causing the formation of gold silicide (SiAug). Thus, annealing
should be done at a temperature above the eutectic point in order to prevent gold contamination by
diffusion into the silicon substrate and degrade the performance of the active devices [30].

The use of Au-Si material is widespread in die-level bonding due to its advantages such as low
eutectic temperature [31]. However, there are several challenges with obtaining reproducible practical
results [30, 32]. The reliability of the bond obtained through Au-Si eutectic bonding is limited by
the oxide present on the processes silicon wafer. The relatively poor wettability of gold on silicon
oxide leads to adhesion problems. Several methods to circumvent this challenge have been developed.
During die-to-wafer bonding, the silicon die can be rubbed in order to break the oxide layer. However,
this can lead to the destruction of delicate microstructures for micromachined wafers. Removal of the
silicon oxide before bonding can be done by wet etching in an HF-solution, but a thin native oxide
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Figure 7: Structure of AuSi eutectic material after heating up to 390 °C. [30]

layer will be formed again when the wafer is exposed to air. Therefore, an argon sputter clean under
vacuum followed by an in situ gold sputter deposition are needed to obtain sufficiently high gold to
silicon adhesion strength. This improved adhesion comes at the cost of expensive equipment and more
complex processing steps [28]. This method is generally used in advanced die-bonding processes and
is presented schematically in Fig. 8 [33]. Once the back side of the wafer is treated to remove the
oxide and cleaned using sputtering, the gold layer is deposited by in sity sputerring. During heating to
eutectic temperature, an alloy of Au-Si is produced. This is followed by an Au-coating of the package
substrate with a die-attachement Au-plated preformed placed on top. The presence of the Au-Si alloy
at the interface between the gold coating and silicon die back side ensures the formation of a good
quality eutectic die bonding. Several reliability challenges remain, such as bond cracking caused by
CTE mismatch, which are the focus of research in this field [33].
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Figure 8: Structure used for die bonding. [33]

Another method consists of depositing a thin intermediate metal film which provides good adhe-
sion to silicon oxide, followed by gold deposition on top of the intermediate layer. Candidate metals
for the intermediate layer are titanium (Ti) and chromium (Cr) used in a Si/SiOs/Ti/Au stack or a
Si/Si02/Cr/Au stack [28]. Aluminium is used extensively as an interconnect material and has a good
adhesion to silicon oxide. However, the silicides formed at the interface between Au and Al are known
to be brittle and poorly conducting. Therefore, aluminium is not used for intermediate metal layer.
Furthermore, Ti and Cr act as diffusion barriers, making them ideal for the intermediate material.
Successful eutectic bonding using the Au-Ti-Si system has been reported by R.F. Wolffenbuttel [33].
These results come at the cost of a higher process temperature (520 °C compared to 363 °C for Au-Si),
which is necessary to achieve a uniform and reliable bond. Additionally, silicide grain formation in the
gold layer was observed, with TiSiy/CrSis grains replacing the silicon grains in eutectic AuSi bonding.
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Table 1: Eutectic alloys commonly used in wafer level bonding [34, 35, 36].

Eutectic Alloy | Eutectic Temperature [ °C] | Eutectic Composition [wt%]
Cu-Sn 231 5/95
Au-Sn 280 80/20
Au-In 156 0.6/99.4
Au-Ge 361 28/72
AuSi 363 97.1/2.9
Al-Ge 419 19/51

The low solubility of Si in Ti/Cr prevents the diffusion on Si through the Ti/Cr layer and reaching
the Au layer to form an eutectic AuSi composition. The process is further hindered by the silicidation
of the Ti/Cr layer. During the silicidation process, the diffusion of silicon into titanium causes the
oxide to break, resulting in oxygen atoms present at the interface. This is different from the clean
silicon lattice in the case of pure Au-Si bonding. The relatively high temperature (520 °C) causes
the diffusion of silicon atoms from the substrate. This leads to dangling bond formation, allowing for
the diffusion of oxygen atoms in the silicon substrate. The excess oxygen atoms migrate through the
lattice, making the surface unsuitable for the formation of silicon columns through epitaxial growth
[33].

Bonding in a nitrogen ambient helps to reduce the oxidation of silicon atoms diffusing through the
gold layer, resulting in better bond quality. The high temperature (520 °C) is needed for silicidation to
occur, which is believed to be required in order to reach the Au-Si eutectic composition. The eutectic
bonding is therefore initiated by the silicidation breaking the oxide layer, as described previously.
However, more research is needed to provide conclusive evidence for this theory [33].

Eutectic bonding can be achieved by depositing the metal alloys as compound layers on different
wafers, which are then aligned and brought into contact. By heating the wafers above the eutectic
temperature, the metal alloy melts and re-solidifies during the subsequent cooling step, providing a
bond interface. This method offers the advantage of faster processing and avoidance of the diffusion
step. Alternatively, pure metals can be deposited separately on the wafers, followed by bonding under
applied pressure and heating. When the eutectic temperature is reached, the two metals mix via
diffusion to produce a solid solution interface. The limited solid solubility causes grain boundary
reaction to play a significant part in this process, affecting the quality of the bonding process. Once
the metal mixture via diffusion occurs, the wafers are heated above the eutectic point followed by
re-solidification during the cooling step. Selecting the eutectic alloy type depends on the intended
application and is often determined by the processing temperature and material compatability. The
most commonly employed metals are gold, copper and aluminium, as proven by their extensive use in
modern semiconductor processes [34]. Their alloys used for eutectic wafer bonding are listed in Table 1.

2.2 Surface Preparation and Prerequisites for Direct Wafer Bonding

Direct wafer bonding relies on contacting the two substrates at room temperature as the first step to
achieve a reliable bond. In the absence of an applied electrical field or an adhesive intermediate layer,
the adhesion between the wafers is determined by surface interactions occuring and the interface.
Therefore, understanding the nature of these forces and interactions is the key to achieving a reliable
bonding process. Furthermore, factors such as wafer flatness and surface roughness play important
roles in determining the quality of the contact between the substrates. Finally, surface preparation
such as the removal of particle contamination is essential to ensure a high quality bond is achieved [37].
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A detailed explanation of surface interactions and the forces governing them is provided in the
appendix section 7.6.

2.2.1 Wafer specifications

Wafer parameters such as flatness, thickness variation and surface roughness play important roles
during the wafer bonding process. The success of the bonding procedure relies on the atomic contact
between the two wafer sufaces. Therefore, a proper understanding and control of these wafer param-
eters are crucial for achieving reliable wafer-to-wafer bonds.

The flatness of semiconductor wafers can greatly influence the bonding process. One important
flatness specification is the total thickness variation (TTV), defined as the difference between the

minimum and maximum wafer thickness values, as illustrated in Fig. 9 [38].

max.

Figure 9: Wafer total thickness variation (TTV) [38].

The warp is measured as the sum of the maximum deivations (positive and negative) from the
best fit plane on an unclamped wafer. The bow is defined as the distance from the unclamped wafer
surface to the best fit plane at the wafer’s center, as illustrated in Fig. 10 [38]. The warp and bow
values are independent of the TTV. External force needs to be applied during the bonding process to
prevent air from being trapped in gaps at the interface caused by large bow and warp values.

/ wafer bow

Figure 10: Schematic of wafer bow [38].

In contrast to the TTV and warp, which are defined on the global scale, other parameters are
relevant over local areas. The local focal plane deviation (LFPD) is defined as the maximum distance
between the unclampled wafer surface and the best fit plane for a specified area. The local thickness
variation (LTV) is measured as the difference between the minimum and maximum thickness values
for an unclamped wafer. All these wafer specifications contribute to the quality of the bonding pro-
cess. For example, large TTV values can result in the formation of gaps at the bond interface, causing
unbonded areas proportional to the values of thickness variations [38, 39].

For an interface gap of height h and lateral extension R between two standard silicon wafers with
a thickness t,, and a specific interfce energy ~ of 100 mJ/m?, the influence of these parameters on
whether the gap can be closed or not is depicted in Fig. 11 [39].

In practice, successful bonding at room temperature can be achieved as long as the wafer TTV
value is kept within the 1-3 pm range. Bow and warpage tolerances are higher, with values up to 25
pm posing no significant obstacles for wafer bonding.
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Figure 11: Influence of gap height h and lateral extensions R on silicon wafer interface gaps. The
shaded area indicates gaps which can be closed [39].

Surface roughness is another limiting factor for wafer bonding quality. Roughness is defined as
a local microscopic parameter characterizing the deviation from the average surface level over very
small areas. It is typically indicated by the root mean square (RMS) value. As the roughness increaes,
the contact area between the two wafers decreases. Above a certain roughness value, no bonding can
be achieved, due to large gaps caused by surface asperities. Therefore, obtaining a smooth wafer
surface is crucial for the success of the bonding process. Using modern CMP processes, the RMS
surface roughness of silicon wafers can be kept below 1 nm [40].

2.2.2 Cleaning procedures

Contaminations can severely affect the quality of the wafer bonding process. Therefore, a careful
cleaning procedure has to be employed to ensure that surfaces are virtually free of contaminants before
bonding.

Factors contributing to contamination during wafer bonding can be classified into: particle con-
tamination, organic contamination and ionic contamination. Particles hinder the bonding process by
acting as spacers between the two surfaces. Thus, they inhibit the interaction between the opposing
surface species present on the two wafers. For standard 4-inch silicon wafers, a 1 pm particle can
debond an area of several cm?[41]. Therefore, the removal of particles is of the utmost importance to
ensure that a successful bond is obtained. Performing the bonding procedure in a controlled clean-
room environment greatly helps to reduce particle contamination.
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Organic contaminants generally do not affect the surface roughness because they are only present
as a very thin film or even single molecules on the wafer surface. Therefore, such contaminants are
unable to act as spacers and do not result in significant unbonded areas at room temperature. How-
ever, they can result in adhesion problems since the organic film adheres poorly to the wafer substrate.
Furthermore, during high temperature annealing, such contaminants can cause nucleation of interface
bubbles, which lead to large unbonded areas. Metallic ion contaminants do not affect the bonding
interface at room temperature or during annealing. However, difussion of metals such as Cu, Fe or
Au during the annealing step can be harmful to the electronic properties of semiconductor devices [41].

Surface cleaning is very important to achieve a successful wafer bonding. The commonly used
wafer cleaning techniques in the semiconductor industry are hydrogen-peroxide-based “RCA” wet
cleaning steps. This procedure consists of sequentially using two chemical solutions known as RCA1
(or Standard Clean-1) and RCA2 (or Standard Clean-2). The organic contaminant which are insol-
uble in water can attach to the wafer surface, rendering it hydrophobic, which prevents the removal
of metal contaminants. Thus, the organic contaminants are removed first during the RCA1 step.
The RCAL is a 1:1:5 volumetric solution of NH4OH, HyO5 and H2O heated at 75-85 °C. The organic
contaminants are removed by dissolving in NH;OH and by the oxidizing action of HyO5. Some metals
such as Cu, Ag and Ni can also be removed by the RCA1 solution. The particles are attached to the
surface by the action of adhesive forces such as van der Waals forces and capillary forces. In order
to enhance the removal of insoluble particles, megasonic acoustic cleaning can be employed together
with the RCA1 solution [40].

After a thorough rinse in deionized (DI) water up to 18 MQxcm, the wafers are dried. The thin
native oxide formed during drying, which can act as a contaminant trap for metallic ions, is removed
in a 1:50 solution of HF and H2O at 25 °C. Heavy metal and alkali contaminants such as Al, Fe, Mg,
Cu and Au are removed using the RCA2 solution, which is a 1:1:6 volumetric mixture of HCl, HyO4
and HoO heated at 75-85 °C. The reaction forms soluble alkali and metal salts, preventing redepo-
sition. A final rinse step followed by Marangoni drying ensures a clean surface free of native oxide [40)].

One disadvantage of the RCA1 step is the microroughening of the substrate surface. The RMS
roughness can increase from 1 A up to 5 A after the RCA1 due to the chemical etching of the na-
tive oxide by the NH4OH. This effect can be significantly reduced by decreasing the NH,OH mixing
ratio from 1 to 0.05. This comes at the price of greatly reduced efficiency of particle removal. A
relatively good compromise between the microroughening effect and particle removal efficiency is to
use a NH4;OH mixing ratio of 0.25. Alternative cleaning solutions are based on sulfuric and hydroflu-
oric acids. These solutions eliminate the surface roughening issue. However, their use is relatively
hazardous due to the concentrated sulphuric acid. Such techniques are common in applications where
native oxide removal is crucial such as replacement of epitaxial growth [40].

After native oxide removal in HCI, some fluorine and hydrogen atoms can remain present on the
wafer surface, even after annealing at high temperatures. The presence of these atoms can lead to
the formation of electron traps and defects at the bonding interface. This is especially important for
interfaces related to active device areas with a need for long carrier lifetimes. The removal of such
foreign species from the surface can be accomplished using excited or ionized hydrogen. By exposing
the wafer to 1:1 Ar:H, plasma, native oxide and hydrocarbons on the wafer surface are removed and
the silicon surface becomes fully terminated by hydrogen atoms, rendering it hydrophobic. The wafer
is next trensferred to a Si molecular beam epitaxy (MBE) chamber under UHV, where it is heated
to 600 °C to desorb the hydrogen from the surface. The thermal desorption treatment results in a
clean hydrophilic silicon surface ready for bonding. The bonding process is preferably performed in
situ, immediately after the desorption treatment in order to avoid native oxide growth by exposing
the wafer to air. Alternatively, the native oxide can be removed using thermal treatment at 850 °C in
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UHV [40).

2.3 Wafer Bonding Characterization Methods

2.3.1 Optical transmission

A common issue in wafer bonding is the formation of interface voids. Therefore, a careful inspection
procedure of the bonding interface is required. Optical transmission is a widely used inspection method
for analyzing interface such interface voids. In order to minimize the absorption of radiation by the
wafer substrate, the wavelength A\ of the selected light source must satisfy the criterion expressed by
Eq. 2, where h is the Plank constant, c is the speed of light in vacuum and £, is the bandgap energy
of the substrate material [39)].

he

A
>Eg

(2)

The wavelength is therefore a function of the wafer substrate material. In the case of transparent
wafer materials such as glass and quartz, visible light can be employed for optical transmission.
However, in the case of silicon and silicon dioxide wafer, infrared (IR) light has the appropriate
wavelength to enable the inspection of interface voids. A schematic of the system configuration for
the IR inspection of bonded silicon wafers is depicted in Fig. 12 [39].
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Figure 12: IR imaging system configuration for measuring interface voids in Si/Si and SiOs/SiOs
bonded wafer pairs [39].

The bonded wafer pair is positioned above the IR light source. The transmitted radiation is mea-
sured by the IR camera located above the wafer pair. By modifying the distance between the camera
and the wafer pair, the interface is brought into focus and the data is analyzed and recorded using
imaging software [39)].

When particles are trapped at the bonding interfaces, the resulting interface voids or bubbles
can be observed using IR light transmission from the interference fringes formed. The height of the
interface bubble is given as a function of the IR radiation wavelength A and the number of fringes N,
according to Eq. 3.

H=NZ (3)
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The minimum detectable bubble size is half of one fringe. Therefore, the smallest bubble height
which can be measured is 0.275 pm using an IR radiation wavelength of 1.1 pm. The minimum
observable lateral size defines the system resolution and is dependent on the resolution of the IR
camera. Typically, interface bubbles with diameters of 1 mm or larger can be observed, with smaller
structures requiring the use of IR microscopes [39]. An IR image of two silicon wafers showing interface
voids with interference fringes is presented in Fig. 12.

Figure 13: IR image of interface voids the at oxide-oxide bonding interface of two 100 mm silicon
wafers.

Optical transmission based on IR light is an inexpensive, non-destructive and fast method to in-
spect interface voids of bonded silicon wafers in real time. However, its limited resolution in the lateral
dimension can prove to be a drawback for some applications. Furthermore, metals are not transparent
to IR radiation, which makes this technique not entirely suitable for wafers with large areas covered
by metallic films [39].

2.3.2 Bond strength measurement using die shear test

Shear tests are a widely used technique to measure the bond strength of die-to-die or die-to-wafer
bonded structures is represented by shear tests. A typical die shear test setup is presented in Fig. 14

[1].

Bond tester
tool head

<—— Shearing interface

Bottom die

Figure 14: Schematic of die shear testing setup. [1]

The bonded dies are placed on a clamped metal holder and the top die is contacted by the toolhead
of the bond tester machine. A load cell records the load displacement curve generated by the force
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applied by the toolhead to the top die. According to the Mil-Std-883 industry standard, [42] the top
die must be subjected to a stress parallel to the plane of the die attach substrate, represented in this
case by the bottom die. In the case of a die attach material present at the die-die interface, this action
causes a shear stress between: (1) the top die-die attach material interface and (2) the substrate - die
attach material interface. Once the maximum shear force is reached, the top die detached from the
substrate. The shear bond strength is given by the shear stress 7 expressed in Eq. 4, where Fgpeqr is
the maximum shear force and A is the contact area between the top die and the substrate [43].

o Fshear (4)
A

Several important aspects need to be controlled carefully to ensure a reliable shear test is conducted
properly. The toolhead needs to make contact with the full length of the die edge in order to apply
the shear force uniformly. It should be possible to rotate the substrate holder in order to align the
toolhead to the die edge. Also, the toolhead must be perpendicular to the die attach plane. Once
the initial contact occurs between the toolhead and die, the position of the former must not change
vertically. This is to ensure that the toolhead does not contact the substrate or the die attach material.
After shearing, the mode of separation can be classified as: [42]

1. The die is sheared due to bulk failure with silicon material remaining attached to it;
2. The die is separated from the die attach material;

3. Both the die and die attach material are separated from the substrate.

2.3.3 Electrical Characterization

2.3.3.1 Sheet resistance of metallic layers is measured using van der Pauw structures such as
the one illustrated in Fig. 15.

Figure 15: Typical van der Pauw structure for sheet resistance measurements.

The technique relies on the use of a virtually two-dimensional strucure with a thickness value much
smaller than the length and width of the sample. A 4-terminal sensing method is employed by placing
an ohmic contact on each of the four pads. A current Iy, is forced between contacts 1 and 2, while
a potential difference V34 is sensed over contacts 3 and 4. The sheet resistance is calculated using a
correction factor according to the van der Pauw formula described in Eq. 5 [44].

Ve w
- 112 Z’I’L(2> (5)

Several conditions must be met for a reliable measurement of van der Pauw structures. The metal-
lic layer must be homogeneous, isotropic, without any isolated holes. Also, the layer must be flat and
have a uniform thickness. Furthermore, the contacts must be positioned at the sample edege and
the contact area needs to be an order of magnitude smaller than the total sample area. Although
the measurement of asymmetrical stuctures is possible, a symmetrical sample is preferable to reduce
calculation errors [45].

S

The resistivity p of a metallic layer of thickness ¢ can be calculated according to Eq. 6.
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p=Rg-t (6)

2.3.3.2 Contact resistance is an important parameter for wafer-to-wafer metallic interconnects
fabricated using wafer bonding. A widely used structure employed for the measurent of contact resis-
tance is the Cross Bridge Kelvin Resistor (CBKR), illustrated schematically in Fig. 16 [46].

Figure 16: A schematic of a Cross Bridge Kelvin Resistor (CBKR), showing contact area in yellow.
[46]

A 4-terminal sensing technique is used by forcing current I from the bottom layer (semiconductor or
metal) through the contact area and into the top metal layer. The potential difference V' is recorded
using voltage taps placed on each conductive layer. The contact resistance R¢ is calculated using
Ohm’s law as expressed in Eq. 7.

v

Rc = T (7)

The specific contact resistance p. is calculated according to Eq. 8, where A is the contact area
between the two layers.

pe=Ro-A (8)

In order to correct for parasitic resistances, error correction curves are used to obtain the true
value of the specific contact resistance. However, the accurate measurement of very low p. values
(< 1077 - cm?) remains challenging [46].
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3 Wet Etch Assisted Die Bonding

Surface activation by wet etching was investigated for die-to-die bonding of silicon chips. Starting from
HF-assisted oxide-to-oxide bonding, metal-to-metal contacts were fabricated at room temperature
using wet etching of Al-terminated dies. The bond strength was evaluated by die shear tests and
analyzed as a function of etchant concentration. The realization of electrically conductive Al-Al
contacts was demonstrated.

3.1 HF-assisted SiO,-Si0O; Die Bonding

3.1.1 Sample preparation

The starting material for this experiment consisted of single side polished monocrystalline 100 mm
Si wafers with a 0.2-0.4 nm RMS roughness and a thickness of 525 £ 15 pym. A 300 nm thick silicon
dioxide layer was grown using thermal oxidation. The wafers were diced into dies of various sizes from
2mm x 2 mm to 10 mm x 10 mm. A cleaning step using isopropyl alcohol (IPA) followed by rinsing
with DI water was employed to remove contaminants from the die surface. The large 10 mm x 10
mm dies were used as substrates onto which the smaller dies were bonded.

3.1.2 Bonding procedure

The bonding procedure consisted of manually applying a small droplet of HF solution on the substrate
followed immediately by placing the top die and applying a small pressure to bring the two dies into full
contact. The pressure was maintained for approximately 30 seconds until all the excess HF solution
evaporated. The samples were left at room temperature for at least 24 hours for the reaction at the
bonding interface to be complete before attempting to test the bond strength. The two SiOq layers are
partially dissolved by the HF solution resulting in the formation of a thin interlayer at their interface.
After the reaction is completed, the resolidification at the interface forms the interlayer, which provides
the actual bond strength. A bonded pair of chips fabricated is such manner is presented in Fig. 17.

10 mm

Figure 17: A 5 mm SiO; die bonded using HF to a 10 mm SiOs substrate die. SiOy etching by HF
cause thickness variations, leading to light interference which causes colour differences around the top
die.

3.1.3 Die shear test results

A substrate holder was fabricated from an Al block with a 450 pm thick stainless steel sheet section
attached to it, as illustrated in Fig. 18.

During the shear test, the substrate was kept fixed by the sheet section, while the top die was able
to glide over it. This is made possible by the lower thickness of the sheet section (450 pm) compared
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Figure 18: Die holder fabricated out of an Al block with stainless steel sheet section attached with
two screws. Two SiO2-SiOs bonded dies are positioned ready for die shear test.

to that of the substrate (525 pm). The bond strength was calculated based on the maximum recorded
shear force according to Eq. 4. The results as function of the HF concentration are illustrated in
Fig. 19 [1].

~
o

W W
o O,

N
a

Shear bond strength [MPa]
ocwdad

HF
0.55% 1% 2% concentration

Number of
6 7 5 samples

Figure 19: Influence of HF concentration on bonding strength according to shear tests on SiO2-SiO9
bonded dies with a contact area of 4 mm? [1]. Error bars indicate standard deviation.

The increase in bond strength from 15.71 MPa for 0.55% HF to 23.76 MPa for 1% HF can be
attributed to the increase in HF etch rate of SiOs from 2 nm/min to 5 nm/min, respectively. [7] No
further increase in bond strength is observed above 1% HF, as this concentration value is sufficient to
form the necessary interlayer at the bonding interface. Concentration values above 10% can actually
result in virtually zero bond strength due to the complete removal of SiO5 layers by the strong acid
solution.

Top dies of various sizes were used during the experiment. The bond strength values obtained
for different die sizes are not influenced by the contact area, which indicated that the shear tests is
a reliable indicator of the bond quality. For example, bond strength values of 15.71 MPa and 14.54
MPa were obtained for die sizes of 2 mm x 2 mm and 5 mm X 5 mm, respectively. The highest bond
strengh values achieved using HF-assisted bonding of Si05-SiO, dies at room temperature were in the
20-25 MPa range, which are higher than those reported in the literature for bonding using eutectic
alloys or polymers [6].
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3.2 PES-assisted Al-Al Die Bonding

3.2.1 Sample preparation

The same type of Si wafers were used as starting material for this experiment. After growing a 300
nm layer of SiO5 by thermal oxidation, sputtering by PVD was employed to deposit a 400 nm thick Al
layer. After dicing, die samples of various sizes from 2 mm x 2 mm to 10mm x 10 mm were obtained.

A separate batch of wafers was sujected to patterning of the Al layer using standard photolithog-
raphy, dry etching of exposed Al and cleaning steps. Dicing was used to obtain patterned 5 mm x
5 mm Al samples which were later bonded to 10 mm x 10 mm die substrates fully covered with Al.
In order to measure the electrical contact resistance, the bulk Si material and oxide layer using deep
reactive ion etching (DRIE).

3.2.2 Bonding procedure

An Al-etchant mixture of phosphoric acid- acetic acid - nitric acid 77:19:4 (vol. %) Selectipur® PES
solution was used to bond Al-Al dies. A small droplet of diluted PES solution was placed on the 10
mm X 10 mm substrate die, followed immediately by placing the top die and applying pressure. After
a 30 second drying time, the bonded chips were stored at room temperature for at least 24 hours
before bond strength tests.

3.2.3 Die shear test results

Maximum shear force values measured using die shear tests were utilized to calculate the bond strength
of both patterned and unppatterned Al-Al bonded dies. The results are depicted in Fig. 20 as function
of the PES concentration [1].
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Figure 20: Influence of PES concentration on bonding strength according to shear tests on Al-Al
bonded dies with a contact area of 4 mm? [1]. Error bars indicate standard deviation.

The bond strength increases with PES concentration, reaches a peak of 4.72 MPa at 5% PES and
then decreases for higher concentration values. This is explained by the influence of the PES etchant
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on the Al-Al interface. A certain amount of PES acid mixture is recquired to partially etch the two
Al surfaces and form an interlayer by resolidification. However, at higher etchant concentrations, the
interlayer increases in thickness and becomes more non-uniform, which results in lower bond strength,
as confirmed by similar results reported in the literature [7]. The relatively large standard deviation
values suggest that further improvements are needed such as automated die placement and better
control of the applied pressure which would increase the reproducibility of the bonding conditions.

The bond strength measured using patterned Al dies is similar to that of unpatterned dies for the
same HF concentration. Given that the Al area of the patterned dies is significantly lower than the
total area, the results indicate a possible increase in bond quality for patterned dies. The patterned
structure of the top die results in a 400 nm separation between the SiOs layer of the top die and
the Al layer on the bottom die. This separation is believed to help with the evaporation of the
etch by-products, which would otherwise remain trapped at the bond interface. As it can be seen
from Fig. 21, such by-products are present between the Al structures, but do not influence the bond
quality. Therefore, the interlayer created by partial etching at the Al-Al interface results in higher
bond strength.

3.2.4 Electrical measurements

A proper electrical contact measurement was not possible due to the lack of patterned structures on
the bottom die, which could allow for the realization of CBKR structures. A picture showing the Al-Al
contacts is presented in Fig. 21. No alignment was possible during the bonding process. However,
a qualitative assessment of the electrical connection was performed. The top and bottom Al layers
were contacted with probe needles and a current was forced through the vertical contacts, while the
potential difference was measured and recorded. The resistance measured was in the range of tens of
m{2, which indicated the successful fabrication of a conducting Al-Al contact.

N

Figure 21: Al-Al contacts after top chip removal by DRIE. Bright areas: Al layer from the top chip;
darker grey areas: Al layer on the bottom die; irregular dark shapes: etching by-products from the
PES-Al chemical reaction.

3.3 Conclusions

The die bonding experiment based on wet etching was successful in demonstrating a room tempera-
ture technique for die-to-die attach using both oxide-to-oxide and Al-Al metallic bonding.
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The first part of the experiment focused on oxide-oxide bonding using HF for surface activation.
The values obtained for the shear bond strength as function of HF concentration were collected and
analyzed. The highest shear bond strength values achieved were in the 20-25 MPa range using 1%
HF, comparable to results reported in the literature for eutectic alloy and polymer bonding [47, 48, 49].

The contribution of the current work to the research effort is the fabrication of electrically
conductive Al-Al interconnects through die bonding at room temperature using a novel surface
activation technique by wet etching. The variation of shear bond strength with PES concentra-
tion was investigated. The highest shear bond strength value obtained was 4.72 MPa for a 5% PES
concentration. The variation of bond strength with PES concentration was explained based on the
intralayer thickness dependence on the Al etch rate at the bond interface. Pattened Al dies were also
successfully bonded using PES to Al-coated die substrates using 10% PES solution with a measured
shear bond strength of 2.18 MPa. The Al-Al contact resistance was measured after top die bulk silicon
removal using DRIE. In the absence of proper CBKR structures, no quantitative results were possible.
However, the resistance values measured were in the range of tens of mV, indicating the presence of
an electrically conducting Al-Al ohmic contact.

The die-to-die bonding experiment based on surface activation by wet etching provided valuable
information regarding the room temperature fabrication of die-to-die interconnects. The shear bond
strength and electrical measurements have shown promising results for die bonding at room temper-
ature. The realization of Al-Al interconnects is especially important for 3D integration applications.
However, further research effort is required in order to optimize the die bonding process. Recommen-
dations for future work include automatic die pick & place and control of the applied pressure in order
to increase the reproducibility of die bonding conditions.
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4 Nanocopper Interconnect Patterning using Photolithogra-
phy

Screen printing is a widely used technology for printed electronics and metallization of solar cells.
The technique relies on the pattern transfer from the stencil to the substrate. A squeegee terminated
with a fill blade is moved across the stencil while a certain degree of pressure is applied to force the
ink/paste into the stencil openings. The stencil is removed mechanically, leaving the patterned paste
deposited on the substrate.

The resolution of this method is largely limited by the stencil dimensions and paste composition.
The thickness is usually in the range of tens of microns, with lower values not being able to ensure the
mechanical integrity of the stencil. Stencils are commonly fabricated out of stainless steel and have
openings in the range of hundreds of microns. Capillary forces acting on the paste during the stencil
removal result in paste particles remaining attached to the stencil sidewalls, which leads to patterning
issues. Decreasing the size of the stencil openings appears to aggravate such problems. Furthermore,
the resolution is limited by the paste particle size, which can be 40 pm or more for solders.

The following section presents an approach for fabricating metallic interconnects with a critical
dimension in the 1-5 pm range using lithographically defined photoresist as stencil for screen printing.
The nanocopper paste used with sub-micron particle size was screen printed on silicon wafers using
developed photoresist for pattern transfer. After the resist lift-off process, copper metallic intercon-
nects were left on the wafer substrate. The process was optimized by a careful control of the screen
printing conditions and lift-off parameters.

4.1 Sample Fabrication Procedure

Standard 100 mm single side polished monocrystalline silicon wafers with 525 pm thickness were used
as the starting material for this experiment. A 300 nm silicon nitride (SizNy4)layer used as copper
diffusion barrier was deposited using low-stress low pressure chemical vapor deposition (LPCVD). AZ
Nlof 2000 series negative resist was deposited using spin coating. After a soft bake step at 95 °C, the
resist was exposed using an ASML PAS 5500/80 I-Line stepper. A 115 °C subsequent bake step was
employed to cross-link the negative resist, followed by development using MF322 solution.

A separate batch of wafers was prepared using sputtering by PVD to deposit a 300 nm Cu layer.
This was done to improve the adhesion, as the nanocopper paste was found to adhere better to bulk
Cu than to SigN4. The wafers were coated with positive resist, exposed and developed to fabricate a
mask for etching the bulk Cu layer. An aqueous solution of NasSo0g and HySO,4 was employed to
etch the exposed Cu areas. Removal of the developed photoresist was performed using NMP heated
to 70 °C. After rinsing with DI water and spin drying, the wafers were covered with negative resist
and patterned using the procedure described in the previous paragraph.

The same technique was repeated using positive instead of negative resist, obtaining the same
results. Acetone was found to remove the nanocopper material. Therefore, NMP was used for the lift-
off process of the positive resist, resulting in clearly defined patterning of the nanocopper structures.

4.2 Screen Printing Process

The patterned photoresist layer used as stencil for screen printing is illustrated schematically in Fig. 22

(a).



4 NANOCOPPER INTERCONNECT PATTERNING USING PHOTOLITHOGRAPHY 33

Squeegee direction

nano- copper paste

[Photoresist| Photoresist

300 nm SizNg 300 nm SisNy4
Silicon wafer Silicon wafer
(a) (b)
NMP
&= = 2] | .
300 nm SisNg 300 nm SisN,4
Silicon wafer Silicon wafer

(c) (d)

Figure 22: Sample fabrication using screen printing: (a) developed resist acting as stencil; (b)
nano-copper paste screen printing; (c) resist lift-off using NMP; (d) nano-copper interconnects after
cleaning steps.

The nanocopper paste utilized was developed by Dr. Zinn from Lockheed Martin [18] and is
trademarked as CuantumFuse®. A small quantity of the nanocopper paste was dispensed using a
syringe on the silicon wafer. A squeegee fill blade from KOENEN Technologies with a 65° hardness
was used to screen print the copper paste on the substrate, as indicated schematically in Fig. 22 (b).
The edge of the squeegee fill blade needs to be as straight as possible in order to obtain an uniform
nanocopper paste layer on the substrate wafer during screen printing. Therefore, a squeegee holder
was fabricated by inserting the squeegee fill blade between two stainless steel plates with a thickness
of 5 mm. The plates were secured using two screws, which were tightened while keeping the two steel
plates parallel. This ensured that the fill blade was kept fixed and its edge was maintained straight
during the screen printing process. The squeegee holder setup is illustrated in Fig. 23.

Figure 23: Squeegee holder setup.

The applied pressure and the angle of inclination of the blade with respect to the wafer surface
were varied to optimize the uniformity of the nanocopper paste layer. When the edge of the squeegee
blade reaches the a contact opening in the resist mask, elastic deformation caused by the applied
pressure warps the blade. The part of the blade over the contact opening is not supported by the
resist layer and is thus free to deform, bringing its edge below the resist layer level. As the squeegee
fill blade moves across the wafer, it drives a certain amount of copper paste in front of it. When the
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squeegee reaches the falling edge of a contact opening, the blade edge sinks below the resist layer level,
leaving a depression in the copper paste profile. As the squeegee blade arrives at the rising edge of the
contact opening, a part of the copper paste driven in front of the blade becomes trapped against the
resist sidewall, forming a bulge in the nanocopper layer. These effects are illustrated schematically in
Fig .24.
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Figure 24: Surface profile effects along squeegee direction during screen printing: (a) squeegee blade
movement; (b) depression and bulge left in the copper layer after resist removal.

The bulge and depression effects were investigated using optical microscope imaging and the results
are presented in Fig. 25. When applying high pressure to the squeegee, the depression caused in the
copper layer was so pronounced that the nanocopper paste was completely removed over local areas,
exposing the SigN, layer underneath. The maxima in the surface topography corresponding to the
bulge effect are also visible in Fig. 25 (b). By lowering the applied pressure, significant improvements
were obtained, with no visible depression and bulge effects being observed, as can be seen from Fig. 25
(a). The lowest height non-uniformities in the deposited copper paste were obtained using an angle
of inclination between the blade surface and wafer planes of approximately 20°. Higher inclination
values resulted in very thin nanocopper paste layers and damage to the photoresist mask layer.

(b)

Figure 25: Bulge and depression effects during screen printing using: (a) low pressure; (b) high
pressure.

Elastic deformation of the blade perpendicular to the direction of squeegee movement results in a
warped blade edge profile, as depicted in Fig. 26 (a). As the nanocopper paste is pressed and driven
forward by the squeegee, it acquires the surface profile of the blade edge, with a minimum thickness
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(or depression) present in the center of the contact opening and increasing thickness values toward
the photoresist sidewalls, as indicated in Fig. 26 (b).
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Figure 26: Surface profile effects perpendicular to squeegee direction during screen printing: (a)
squeegee blade movement; (b) depression formed in the nanocopper paste layer in the center of the
contact opening.

Optical microscope images shown in Fig. 27 illustrate the effect of the warped blade edge on the
thickness profile of the nanocopper layer. By applying a high pressure to the squeegee, its blade edge
is severely warped, leaving a very thin copper paste layer, with exposed SizN4 along the center of
the contact openings corresponding to the thickness depressions explained previously, as can be seen
in Fig. 27 (b). By applying lower pressure to the squeegee, the depression effect was significantly
reduced, as can be seen from Fig. 27 (a). However, lowering the pressure too much can result in
incomplete filling of the contact openings with nanocopper, as insufficient pressure is applied to the
paste to reach all the resist openings. Therefore, a compromise between the depression level in the
nanocopper paste layer thickness and the filling of the resist contact openings was reached through a
careful control of the applied pressure.

(b)

Figure 27: Depression effect during screen printing using: (a) low pressure; (b) high pressure.

The viscosity of the nanocopper paste also plays a role in the screen printing process. Using a
lower paste viscosity resulted in more pronounced bulge and depression effects, as the fill blade is able
to imprint its warped profile better on the less viscous paste. Furthermore, nanocopper paste with
higher viscosity can dry within a few seconds after being dispensed on the wafer surface and can result
in higher thickness of the nanocopper layer.
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4.3 Lift-off Process

The nanocopper layer is dried on a hot plate at 50 °C for 5 minutes, followed by the photoresist lift-off
process using NMP. The wafers were placed in an ultrasonic bath in N-Methyl-2-pyrrolidone (NMP)
at room temperature. The ultrasonic agitation was able to permit the infiltration of NMP through the
nanocopper paste and reach the photoresist and dissolve it. The lift-off process is depicted schemati-
cally in Fig. 22 (c¢). The exposure times to ultrasonic agitation and to NMP were varied in order to
obtain clearly defined nanocopper structures, as presented in Fig. 22 (d).

After the screen printing process, nanocopper paste is attached to the resist sidewalls of the contact
openings. Once the paste is dried, it forms a solid continuous layer covering the entire wafer, including
the photoresist areas. During lift-off, the underlying resist layer is dissolved and removed along with
the nanocopper paste covering it. Ideally, a sharp transition corresponding to the resist sidewalls will
occur between the areas with removed resist and the ones with nanocopper paste. However, due to
the brittleness of the dried nanocopper layer, excessive exposure to ultrasonic agitation can result in
nanocopper removal from the edges of patterned structures corresponding to the dark areas in Fig. 28

(a).

(b)

Figure 28: Influence of ultrasonic agitation during resist lift-off with NMP using: (a) 2 min ultrasonic
exposure; (b) 1 min ultrasonic exposure.

In order to correct for the abovementioned edge effect, the ultrasonic agitation time was reduced
from 2 min to 1 min, which resulted in significant improvements, specifically the clear patterning
definition of the structure edges without any visible dark areas, as can be seen from Fig. 28.

4.4 Measurements and Results

4.4.1 Nanocopper layer height and surface profile

A Dektak 150 surface profiler was used to measure the height of the nanocopper structures after
development using NMP. The developed resist height was also measured using the same equipment.
Furthermore, the average surface roughness was measured by scanning the nanocopper structures.

A height profile of a 80 nm sized nanocopper structure is presented in Fig. 29. The resist thickness
used was 1.5 pum thick and the profile shows the nanocopper height after resist removal in NMP. This
result confirms the depression and bulge effects discussed previously. As can be seen from Fig. 29,
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Table 2: Resist and nanocopper parameters measured with Dektak surface profiler.

Resist ASH [pm] | Nanocopper ASH [um] | Nanocopper roughness [nm RMS]
1.52 1.15 146
2.03 1.73 237
3.08 2.64 284

in the 40-70 pm range on the x-axis, the height reaches a minimum of 500 nm corresponding to the
depression point. The bulge is evident in the 85-105 pm range on the x-axis, confirming the direction
of squeegee movement from left to right during the screen printing process. The average surface
height (ASH) of the nanocopper layer is 812 nm, which is significantly lower than the resist thickness
of 1.5 pm. The difference can be explained by the volume reduction of the paste as it dries through
solvent evaporation and by the depression effect resulting from the squeegee blade deformation.
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Figure 29: Height profile of nanocopper structure after NMP lift-off process.

Resist nominal thicknesses in the range of 1.5-3 pm were used for the screen printing process. The
thickness values were measured using the Dektak surface profiler along with the height and average
surface roughness of the nanocopper layer. The results are presented in Table 2.

The average height of the nanocopper layer is approximately 20% lower than that of the resist
layer, with the difference originating from nanocopper paste volume reduction through drying and the
depression effect caused by fill blade deformation. The average surface roughness increases with layer
thickness, reaching approximately 300 nm RMS for the 3 pm layer.
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4.4.2 Patterning resolution

In order to study the patterning limits of the nanocopper screen printing technique, resolution test
structures were prepared using 1.5 pm negative resist as mask. The screen print and lift-off process
conditions were optimized for obtaining clearly defined structures and the results are illustrated in
Fig. 30.

Figure 30: Patterned nanocopper structures: (a) lines with a pitch of 3 nm; (b) corner lines with a
pitch of 2 pm; (¢) squares with a pitch of 4 pm.

Successful nanocopper structure patterning was achieved down to 1 pm dimensions. The limiting
factor for the experiment was the lithography resolution along with the minimum resist thickness of
1.5 pm. Therefore, based on these results, it can be concluded that the patterning of interconnects
with smaller critical dimension would be possible using a higher resolution lithographic processes.

4.5 Conclusions

A novel interconnect patterning technique was developed based on lithographically defined
screen printing of nanocopper. Screen printing issues such as the bulge and depression effects were
studied and corrected by optimizing the squeegee pressure control. The nanocopper sidewall pat-
terning problem during lift-off was addressed by optimizing the ultrasonic agitation parameters. A
high patterning resolution up to 1-5 pm was achieved using a negative photoresist mask 1.5 pm
thick. Based on these results, sub-micron patterning of nanocopper interconnects is expected
to be possible by using higher resolution lithographic equipment. Although further optimization of
the screen printing and lift-off processes is required, the novel nanocopper technique developed shows
promising results for 3D integration applications.
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5 Wafer Bonding Based on Nanocopper Sintering

The wafer bonding experimental work based on nanocopper sintering is presented in the current
chapter 5. Several nanocopper parameters such as sheet and contact resistance, copper nanoparticle
dimension, nanocopper paste composition and fusing profile are investigated. Die-to-die bonding is
employed as a preliminary test for evaluating the shear bond strength and copper nanoparticle fusing
at the bond interface. The obtained results are utilized for optimizing the bonding process and are
applied to the wafer-to-wafer bonding process for 3D nanocopper interconnect fabrication.

Please note that sintering represents a transition process from small particles to larger structures
achieved through atomic difussion enhanced by applying heat and external pressure. In the current
work, the term “nanocopper sintering” is employed to denote a process in which external pressure
is applied to the nanocopper material. The term “nanocopper fusing” refers to the transition from
nanoparticles to larger entities based solely on heating the nanocopper paste and without applying
external pressure.

An overview of the current chapter was give in the introductory section 1.3.

The nanocopper sheet resistance characterization is described in section 5.1. The sample fabrica-
tion procedure of van der Pauw sheet resistance test structures is described and the fusing parameters
are presented. The sheet resistance measurements are presented and analyzed, followed by explana-
tions of the results and conclusions. The investigation of nanocopper-to-bulk copper contact resistance
is presented in section 5.2. After the test structure fabrication is described, the nanocopper fusing
parameters are give, focusing on copper oxidation prevention. The contact resistance measurement
procesure is explained, together with a schematic illustration of current flow. The contact resistance
results are presented and discussed. The effects of fusing temperature and copper oxide-reducing
agents on the contact resistance value are described, followed by conclusions.

Chapter 5.3 discusses the in-situ measurement of nanocopper resistance as function of fusing tem-
perature. After the fabrication of the nanocopper sample on a PCB substrate is described, the fusing
profile parameters are explained. The results are presented and discussed, with an explanation of the
observed resistance variation being provided. Section 5.4 provides valuable information regarding the
nanocopper material composition such as copper nanoparticle dimension, particle conglomeration and
copper nanoparticle encapsulation by organic surfactants based on transmission electron microscope
(TEM) analysis. Further investigation of the nanocopper paste composition and fusing profile is pre-
sented in section 5.5 based on thermal gravimetric analysis (TGA). The mass loss rate is recorded as
function of temperature, enabling the identification of different solvents and other organic components
of the nanocopper paste based on their boiling temperatures. Furthermore, the nanocopper fusing
point was determined based on the TGA results.

The die-to-die bonding experiment is presented in section 5.5. The sample fabrication procedure
is explained and the die bonding process using nanocopper sintering is explained. The bond interface
is investigated using SEM imaging of a cross-section obtained using ion-milling. The nanocopper
porosity is estimated based on the SEM images. Die shear tests are utilized to study the influence
of sintering temperature and copper oxide removal agents on the shear bond strength. The observed
effects are discussed and explained, followed by conclusions. The wafer-to-wafer bonding experiment is
presented in section 5.7. The sample fabrication procedure is described in detail, including a schematic
illustration of the processing steps. Infrared imaging is employed to check the alignment of the bonded
nanocopper structures. The contact resistance measurement procedure is described and the results
are presented. The specific contact resistance is calculated and is plotted as function of the nanocop-
per sintering temperature. The internal structure of the sintered nanocopper at the bond interface
is investigated using SEM imaging. Valuable data regarding the nanocopper porosity reduction and



5 WAFER BONDING BASED ON NANOCOPPER SINTERING 40

formation of large copper structures during the sintering process. The chapter is concluded by a
summary of the results obtained and effects observed during the experimental work presented.

5.1 Nanocopper Sheet Resistance Characterization

In order to investigate the possibility of wafer bonding based on nanocopper sintering, a preliminary
analysis of the fused nanocopper properties is required. One important parameter for this novel
nanoparticle metallic paste is its sheet resistance dependence on processing conditions, with fusing
specifications being particularly relevant. Therefore, the measurement of nanocopper sheet resistance
was investigated in the current section by fabricating and measuring standard van der Pauw structures.

5.1.1 Sample fabrication procedure

The starting materials for this experiment were 100 mm single side polished silicon wafers, 525 pm
thick with an average surface roughness of 0.2-0.4 nm RMS. In order to protect against copper diffu-
sion, a 300 nm SigNy barrier layer was deposited on the wafers using low stress LPCVD. A 300 nm Cu
layer was sputtered on the wafers using PVD. Positive Shipley SPR, 3012 photoresist with a 1.4 pm
thickness was deposited on the wafers using spin coating. After a soft bake step at 95 °C, the mask
pattern containing the van der Pauw test structures was exposed in the resist layer using an ASML
PAS 5500/80 I-Line stepper. A post-exposure bake (PEB) step at 115 °C was performed to reduce the
effect of standing waves produced in the resist layer during exposure. The exposed photoresist areas
were removed during development. The final result was a patterned resist layer, which was used as
mask for the nanocopper paste screen printing process. An example of a fabricated nanocopper van
der Pauw structure for sheet resistance meaurements is presented in Fig. 31.

Figure 31: Sheet resistance structure: (a) van der Pauw structure; (b) detail showing 5 pm wide
voltage tap line.

The technique used resulted in clearly defined structures down to 5 pm lines, as can be seen from
Fig. 31 (b).

5.1.2 Nanocopper fusing process

The nanocopper paste was fused inside a Hereaus vacuum oven. Control of the oxygen content was
crucial for obtaining relevant results. As the copper paste contains nanoparticles, the total area ex-
posed to the surrounding environment is substantially larger than the area occupied by the nanocopper
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structures on the wafer. This large area resuls in a high reactivity of the nanocopper paste with oxy-
gen. Therefore, even trace amounts of oxygen present in the fusing ambient atmosphere can result in
oxidation of the nanocopper structures, which degrades their electrical performance.

In order to minimize oxidation, the oven chamber was pumped down to 1 mbar and purged with
nitrogen several times before the fusing process was started. The vacuum chamber pressure was kept
at 1 bar and a continuous flow of nitrogen gas was used to prevent oxygen leakage from the outside
environment,.

The wafers were placed inside the vacuum chamber and, after nitrogen purging, the temperature
was ramped up from 20 °C to the fusing temperature in 12 min. A ramp up rate of 15 °C/min was
selected in order to prevent bubble formation in the nanocopper layer at higher temperature increase
rates. The wafers were kept at a constant fusing temperature ranging from 180 °C to 240 °C for 60
min, followed by cooling down to room temperature inside the oven for 2-3 hours.

5.1.3 Sheet resistance measurements

The sheet resistance measurements were performed on nanocopper van der Pauw structures by forcing
a current and measuring the potential difference using 4-terminal sensing, as described in subsection
2.3.3.1. The voltage-current charateristics were recorded using 33 data points per measurement. A
least square fitting of a linear function to the data points was performed and the correction factor
for van der Pauw structures was used to calculate the sheet resistance value according to Eq. 5. The
voltage offset and correlation coefficient of the curve fitted to the data points were measured and
recorded. Values of the correlation coefficient below 0.995 indicate unreliable measurements caused
by poor ohmic contact or damaged structures and the corresponding data were not included in the
measurement, analysis. The difference between data points with high and low correlation factors is
illustrated in Fig. 32.
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Figure 32: Voltage-current plots of measured nanocopper van der Pauw structures with curve cor-
relation coefficients: (a) 0.999; (b) 0.995.

The average surface height of the nanocopper layer was measured using a Dektak surface profiler
and used as the nanocopper thickness. The nanocopper resistivity was calculated as described in sub-
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section 2.3.3 using the measured nanocopper sheet resistance and thickness values. Resist thicknesses
of 1.5 pm, 2 pm and 3 pm were used for nancopper structure patterning for each of the four fusing
temperatures (180 °C, 200 °C, 220 °C and 240 °C). One wafer was used for each thickness-temperature
combination and the resistivity results are based on the mean value of 15 sheet resistance measure-
ments on each wafer.

5.1.4 Results and conclusions

The values obtained for the nanocopper resistivity as a function of fusing temperature are presented
in Fig. 33 using the data from 4 wafers with nanocopper structures fused at a different temperature.

1200 -
T L 100
1000 ’ 2
= [ Resistivity [mQ-pm] [ 90 Z
§_ —=— Resistivity / bulk Cu ratio| [ 80 '@
£ 800 +—{ L ] ¢
S 3
E 60 X o
e i : =
> 600 '\ [, 3%
3 \ >
2 400 +— -40 &
o N T F30 8
| g
200 +— — 20 §
=r—F] 0
0 : : | 4

180 200 220 240

Fusing temperature [°C]

Figure 33: Influence of fusing temperature on nanocopper resistivity. Error bars indicate standard
deviation on a sample size of 15 data points.

The nanocopper resistivity decreases with fusing temperature due to the increased surface energy
and interaction of the nanocopper atoms at higher temperature [50]. The rate of resistivity decrease
is lower at temperatures above 200 °C, indicating that the nanoparticles have fused and no significant
resistivity decrease is expected above 250 °C. The lowest nanocopper resistivity value obtained was
151.7 m - pm for the sample fused at 240 °C. This value is approximately 9 times higher than the
theoretical one for bulk copper (16.78 mQ - pm [11]).

The difference in resistivity can be attributed to the stucture of the fused nanocopper material
such as the relatively high porosity. Furthermore, the evaporation of solvents during the fusing process
might cause voids to form in the nanocopper, resulting in a porous layer structure. The porosity and
impurities or remaining solvents in the fused material contribute to the increased resistivity of the
fused nanocopper with respect to that of bulk copper. The porosity of a nanocopper sample fused at
250 °C was estimated at 43% using image processing software on the SEM image of the nanocopper
layer cross-section shown in Fig. 34.
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Figure 34: SEM image showing a cross-section of nanocopper material fused at 250 °C without any
applied pressure and having a porosity of 43%.

5.2 Nanocopper-to-bulk Copper Contact Resistance Characterization

An important parameter for the electrical performance of wafer bonded metallic interconnects is the
contact resistance. Therefore, a characterization of the nanocopper-to-bulk copper contact resistance
was performed. The contact resistance value provides valuable information regarding the quality of
the bond at the interface between the nanocopper and bulk copper materials. Cross-bridge Kelvin
resistor structures were fabricated on silicon wafer substrates and measured in order to study the
effects of fusing temperature variation and copper oxide reduction agents on the contact resistance.

5.2.1 Sample fabrication procedure

The starting materials for this experiment were 100 mm single side polished silicon wafers with the
same parameters as in the previous section. A 300 nm SizNy4 barrier layer was deposited on the wafers
using low stress LPCVD to protect against copper diffusion into the silicon. PVD was employed to
sputter a 300 nm Cu layer on the wafer substrates. CBKR structures for measuring contact resistance
were patterned in a positive photoresist layer using the same procedure as in the previous section.
The developed photoresist was used as an etching mask for the bulk copper layer.

The exposed copper areas were etched using an aqueous solution of NaySo0g and HoSO,4. The
developed resist was removed in NMP at 70 °C, followed by wafer rinsing in acetone, IPA and DI
water and spin-drying. The masking layer for the screen printing process was fabricated by coating
the wafers with AZ Nlof 2000 negative photoresist, followed by exposing it with UV light, cross-linking
and developing it using the procedure in subsection 4.1.

The bulk copper oxide was a limiting factor for obtaining low contact resistance values. Therefore,
the efficiency of several copper oxide reducing agents was investigated. Separate wafers with bulk
copper areas were exposed to aqueous solutions of formic acid, acetic acid and Cu etchant (NagS2Og
+ H5S0,) for 30 seconds, followed by rinsing in DI water, drying and immediate screen-printing to
minimize the growth of a new native oxide layer on the copper surface. A wafer without any copper
oxide reduction treatment was used as reference. The different surface treatments are presented in
the list below.

Sample 1: 30 second etch in 85% formic acid at room temperature.

Sample 2: 30 second etch in 50% acetic acid at room temperature.

Sample 3: 30 second etch using 1.2% NayS50g + H2SO4 solution.

Sample 4: reference wafer without copper oxide removal treatment.

The nanocopper paste was screen printed and the resist lift-off process was performed as described
in sections 4.2 and 4.3. In addition to CBKR structures, daisy chains of bulk copper to nanocopper
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contact structures were fabricated. Examples of such structures are illustrated in Fig. 35.
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Figure 35: Contact resistance test structures: (a) CBKR structure before screen printing; (b) CBKR
structure after nanocopper patterning; (c) daisy chain of 2 nanocopper contacts; (d) daisy chain of
10 nanocopper contacts; (e) current flow direction indicated by arrows in schematical cross-section of
CBKR structure; (f) current flow direction indicated by arrows in schematical cross-section of daisy
structure containing 2 contacts.

During the contact resistance measurements, the electrical current flows through the nanocopper,
travelling through the nanocopper/bulk Cu and finally through the bulk Cu, as indicated in Fig. 35
(e). In the case of daisy structures the current flows through each nanocopper/bulk Cu interface as
is indicated in Fig. 35 (f). A small amount of current will flow through the vertical interface corre-
sponding to the bulk Cu sidewall. However, due to the reduced thickness (300 nm) of this sidewall
compared to the structure dimensions in the range of 2-80 pm, most of the electrical current flows
through the horizontal interface. Therefore, the lateral current flow is considered to be negligible.
Challenges with the screen printing process due to height differences between the nitride and bulk
Cu resulted in patterning issues in the case of daisy chain structures. Therefore, strings of more than
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10 contacts could not be patterned with sufficient accuracy to fabricate structures which could be
measured properly.

5.2.2 Nanocopper fusing process

The nanocopper sheet resistance structures were placed in side a Hereaus vacuum oven for the fusing
process. A nitrogen purge was performed to minimize oxygen content as described in subsection 5.1.2.
The temperature ramp up rate used was 15 °C/min and the fusing temperatures investigated were in
the 180-240 °C range. The samples were exposed to the fusing temperatures for 60 min, followed by
a subsequent cooling to room temperature for approximately 3 hours.

5.2.3 Contact resistance measurements

The CBKR structures were measured using the 4-terminal sensing technique described in subsection
2.3.3. The extracted data was analyzed using Matlab software and a plot of the voltage-current (V-I)
characteristic from a CBKR nanocopper struture is presented in Fig. 36. The sample was fused at 220
°C and a least squares fitting of a linear function to the data points resulted in a correlation coefficient
of 0.9996, indicating a reliable ohmic contact.
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Figure 36: V-I data points of CBKR structure with a 20 pm x 20 pm contact area.

5.2.4 Results and conclusions

CBKR structures with various contact areas ranging from 1.4 pm x 1.4 pm to 30 pm x 30 pm were
measured. The obtained contact resistance values decrease with increasing area, as expected, due to
the larger area available for current flow. This dependence is illustrated in Fig. 38 (b). The line fitting
approximates the reciprocal function 1/z. This confirms the expectation for a contant specific contact
resistance, independent of the contact area value. The specific contact resistance is calculated by
multiplying the contact resistance with the contact area, according to Eq. 8 in subsection 2.3.3. The
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variation of the specific contact resistance with fusing temperature for samples without any surface
treatment is illustrated in Fig. 37 (a).
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Figure 37: Specific contact resistance variation with fusing temperature. Error bars indicate stan-
dard deviation.

As expected, there is a decrease in specific contact resistance with fusing temperature. At higher
temperatures, the surface nanocopper atoms have higher energy, making them more likely to form
metallic bonds with nearby Cu atoms and fuse together. During this fusing process, the nanocopper
atoms close to the bulk Cu/nanocopper interface will form bonds with the bulk Cu atoms. Any voids
at the interface will increase the specific contact resistance by obstructing the electron flow. At higher
temperatures, the nanocopper atoms reactivity increases, leading to better nanocopper fusing close to
the interface. The rate of the decrease in specific contact resistance is lower at higher temperatures,
which indicates that the fusing process has stabilized. Therefore, no significant change in specific
contact reistance is expected at temperatures above 240 °C.

The results for specific contact resistance as function of difference oxide reducing agents are illus-
trated in Fig. 38.

The use of acetic acid resulted in poor adhesion of nanocopper on the wafer substrate, causing
patterning issues. Therefore, no structures were available for measurements on the sample treated
with acetic acid. The samples treated with formic acid resulted in the lowest specific contact resistance
value of 0.227 Q- pm?. This result is only 50% higher than the specific contact resistance value of bulk
Cu samples bonded at 400 °C reported in the literature [25]. Therefore, specific contact resistance
values only 50% higher were obtained at temperatures almost 200 °C lower. The samples treated with
formic acid showed a 25.6% reduction in specific contact resistance compared to the reference sample,
which can be explained by the enhanced nanocopper fusing to the bulk Cu layer in the absence or
signicant reduction of copper oxides. A specific contact resistance value 29.5% higher than for the
reference case was observed in the case of the sample treated with Cu etch solution. The extra con-
tact resistance can be attributed to the partial etch of the deposited nanocopper by any Cu etchant
residues on the surface. However, further investigation is required for a better understanding of this
effect.
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Figure 38: (a) Influence of oxide removal agents on specific contact resistance. Error bars indicate
standard deviation; (b) Contact resistance variation of CBKR structures with contact area.

5.3 In-situ Nanocopper Fusing Measurement

The in-situ measurement of nanocopper resistance during fusing was performed. Nanocopper paste
was applied between metallic contacts on a PCB. The sample was connected to I-V measurement
equipment. A thermocouple was employed for an accurate reading of the fusing temperature. The
sample was placed inside a vacuum oven and the temperature ramp-up rate was controlled based
on the thermocouple readings. The resistance and temperature data were recorded and analyzed to
produce the nanocopper fusing profile.
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5.3.1 Sample fabrication procedure

A PCB with Al structures was used as substrate for screen printing a small quantity of nanocopper
material between two Al lines. The obtained nanocopper structure dimensions were 2 pm x 10 pm
and the layer thickness, measured with the Dektak profiler, was 3 pm. Copper cables were soldered
to the Al pads on the PCB and connected to measuring equipment outside the oven. Two cables were
soldered using SAC lead-free solder to each Al pad, one for supplying current and another for voltage
sensing. A thermocouple placed inside the oven was used to record the fusing temperature.

5.3.2 Results and conclusions

The temperature and resistance values were recorded using data acquisition software and processed
using Matlab. The temperature and resistance results are presented as function of recorded time in
Fig. 39. As can be seen from the plots, during the first 35 min, the temperature increased from 50
to 200 °C corresponds to a decrease in resistance by 3 orders of magnitude. During the constant tem-
perature step from 35 to 145 min, there was no significant change in resistance. However, the fusing
process was not complete. The increase in temperature from 200 °C to 350 °C during time period
145 to 190 min causes a drastic decrease in resistance. Based on these data, the nanocopper fusing
point corresponds to a temperature in the range of 220-260 °C. The relatively constant resistance at
higher temperature followed by a sharp resistance drop in response to the rise in temperature gives a
clear indication of the critical fusing point at approximately 240 °C. No further resistance decrease is
observed at higher temperatures. Furthermore, the nanoparticle fusing is irreversible, as no significant
increase in resistance is observed during the cooling down phase corresponding to the time period 190
min to 280 min.
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Figure 39: Nanocopper fusing profile showing temperature and resistance as function of recorded
time.

The lowest resistance measured was in the 1-10 €2 range. Since no proper sheet resistance structures
were fabricated, no reliable results regarding the quantitive nanocopper resistance were produced.
However, the experiment has provided valuable information regarding the nanocopper fusing point,
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measured at approximately 240 °C.

49
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5.4 TEM Analysis of Nanocopper Material

A TEM inspection was performed on unfused nanocopper material to analyze the nanoparticle prop-
erties. The images obtained from the TEM inspection are presented in Fig. 40.

(©)

Figure 40: TEM images of unfused nanocopper: (a) nanocopper particles (dark areas); (b) nanocop-
per crystal lattice lines; (c) SAED pattern of nanocopper paste; (d) copper nanoparticles surrounded
by solvents and surfactants.

The crystalline copper cores of the nanoparticles in the copper paste material are encapsulated
in an organic shell acting as an oxidation barrier. The organic shell protects the copper cores from
exposure to oxygen in air. An organic coating with surfactant molecules located on the surface of the
organic shell prevents the agglomeration of the nanoparticles into larger entities [18]. The small size
of the copper particles results in large surface areas, rendering the nanoparticles thermodynamically
unstable. The amorphous structure of the organic shell leads to an activated high energy state, which
increases the reactivity of the nanoparticles [51]. This is in contrast with the stable, low energy state
of the nanoparticle copper core with a crystalline structure. The highly reactive nature of the organic
coating is enhanced during the sintering process by the applied heat and pressure, increasing the
surface energy states of the nanoparticles [51].
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Under the applied pressure, the organic shell is compressed and deformed. Furthermore, the or-
ganic materials evaporate due to the increasing temperature during the sintering process, exposing
the copper cores underneath and allowing them to interact with each other. The natural tendency of
the electrons from atoms located on the copper core surfaces is to reach the lowest available energy
state, which is the low energy level of bulk copper. This is achieved by forming metallic copper-copper
bonds between the surface atoms of neighbouring nanoparticle cores brought into contact by the ap-
plied pressure and organic shell removal through evaporation. However, further research is required
for a better understanding of copper-copper bond formation during the sintering process. The final
result is an electrically conductive nanocopper material with strong metallic bonds between sintered
copper structures separated by voids left by the evaporated solvents and other organic materials. The
challenge is to increase the uniformity of the sintered nanocopper by minimizing the porosity caused
by such voids and therefore increase the electrical conductivity by forming longer conductive paths
along sintered nanocopper structures.

Surfactant
molecules

Crystalline

copper core

Figure 41: Schematic illustration of copper nanoparticle structure.

The TEM images show the copper nanoparticles as dark areas surrounded by lighter shades of grey
representing the organic shell coating and surfactants. The dimensions of the encapsulating organic
shell and surfactants is estimated to be in the range of 2-5 nm based on the TEM images in Fig. 40
(b). The solvent used to control the nanocopper paste viscosity can also be observed located between
the nanoparticles in Fig. 40 (a).

Based on TEM inspection, the nanoparticles size is below 50 nm, with most particle dimensions
being in the range of 10-30 nm. The high resolution image presented in Fig. 40 (b) shows the lines orig-
inating from planes in the atomic lattice, confirming the presence of copper atoms in a face-centered
cubic crystal system.

A selective area electron diffraction (SAED) analysis, which is similar to X-ray diffraction (XRD),
was performed on the nanocopper material. SAED utilizes the wave-like behaviour of electrons to
generate diffraction patterns indicating the crystallographic structure of the sample material. The
measured nanocopper diffraction pattern is presented in Fig. 40. The visible rings indicated the pres-
ence of crystalline copper in the paste material. Each ring corresponds to the electron diffraction in a
crystalline plane. Due to the polycrystalline structure of the nanocopper, all the crystal orientations
were visible simultaneously, resulting in the presence of multiple concentric rings in Fig. 40 (¢). The
ring structure illustrated in Fig. 40 (c) indicated the presence of crystalline copper in the nanocopper
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material, confirming the expectation of crystalline structure of the copper nanoparticles.

The TEM analysis provided valuable results regarding the nanocopper material composition. The
copper nanoparticle size was found to be in the range of 10-30 nm and the presence of oxide-preventing
organic shell and surfactants was confirmed by the TEM imaging. Furthermore, the presence of crys-
talline copper cores inside the nanoparticles was confirmed both by the SAED analysis and the TEM
images of copper crystal lattice lines. Additionally, based on the TEM analysis and the information on
the nanoparticle structure provided by the nanocopper manufacturer [18], the applied pressure is ex-
pected to have a significant influence on the resistance of the nanocopper material. More specifically,
increasing the applied pressure is believed to enhance the interaction and metallic bond formation
between the copper cores, resulting in longer conductive paths and thus lower resistivity and contact
resistance of the sintered nanocopper material.

5.5 TGA Analysis of Nanocopper Material

A thermogravimetric analysis (TGA) was performed on the nanocopper material used for the screen
printing and bonding experiments in order to study the temperature dependence of the copper paste
constituents. During the fusing process, the non-metallic componenents of the nanocopper paste such
as solvents and organic surfactants will evaporate and be removed. Depending on the temperature the
nanocopper is exposed to, an amount of non-metallic components such as water and organic solvents
will be evaporated. By measuring the mass loss as a function of increasing temperature, valuable
information can be extracted regarding the sintering process of the nanocopper material.

During the TGA analysis, the nanocopper sample was placed inside an oxygen free chamber con-
taining nitrogen at atmospheric pressure. The lack of oxygen prevented the oxidation of the copper
nanoparticles. The sample was heated at a constant rate of 10 °C/min. The mass loss was recorded
and is presented in Fig. 42 as a function of temperature.

There is a sharp drop in mass loss in the 25-125 °C range indicated by region 1. This is believed to
correspond to the evaporation of solvents in the nanocopper paste. Such solvents include water and
other volatile adhesives like long chain organic alcohols [51]. The sample mass decreases from 100%
to 85%. The mass loss will result in voids contributing to porosity of the nanocopper layer. The rate
of mass loss decreases substantially and is almost constant within the 125-175 °C range in region II,
which indicated no important change in the material composition through evaporation. The mass
loss rate becomes higher from 175 °C to 220 °C in region III, which is attibuted to the evaporation of
the organic surfactants coating the copper nanoparticles, based on the information provided by the
nanocopper manufacturer [51].

The mass ratio drops to 81.5% at 220 °C. After this point, the mass loss rate decreases signifi-
cantly. Its non-zero value from 220 °C to 350 °C in region IV indicates that residues in the nanocopper
material require higher temperatures to evaporate and be removed. These higher boiling materials
are responsible for increasing the flow rate of the nanocopper paste and extending the time before
the paste dries when applied on the substrate [51]. The mass ratio measured at 350 °C was 79%. No
significant change is observed above 350 °C in region V. The final mass ratio at 550 °C was measured
to be 78%. The 1% mass loss in region V is attributed to materials with high boiling points which are
added to the paste to make its texture smoother in order to facilitate the paste dispensing process,
as indicated by the nanocopper manufacturer Alfred Zinn [51]. The 20% mass loss around 250 °C is
expected to lead to similar porosity values after nanocopper fusing as the solvents evaporate, leaving
voids in the nanocopper material. Higher porosity values are possible due to bubble formation in the
case of high temperature ramp-up rate during the nanocopper fusing process.
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Figure 42: Nanocopper paste mass loss as function of temperature based on TGA analysis. Regions
labeled I to V indicate different mass loss processes. The temperature ramp up rate was 10 °C/min.

Based on the recorded mass loss, several valuable conclusions can be inferred. A temperature above
125 °C was required in order to remove the solvents in the nanocopper material. The organics
coating the nanoparticles must also be evaporated in order for the sintering process to
occur. This requires a temperature above 220 °C. After this point, the nanoparticle sintering
process can occur once their surfactant coating has been removed. This result confirms the sharp re-
sistance drop at 220 °C observed during the in-situ nanocopper fusing profile measurement. Increasing
the temperature further above 220 °C increases the mass loss only marginally. The difference in mass
loss between 220 °C and 550 °C is only 3.5%. This comes at the expense of a very large increase in the
sintering temperature. Since the objective of the project was to develop a low temperature bonding
process, a nanocopper sintering temperature in the range of 200-250 °C was selected based on the
aforementioned results.
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5.6 Die-to-die Bonding using Nanocopper Sintering

A die-to-die bonding experiment was conducted in order to study the bond characteristics of Cu-Cu
bonding using nanocopper sintering. The prepared die samples were bonded under various conditions
and the use of copper oxide-reducing agents was investigated. The bond strength and electrical contact
resistance were recorded. The results were analyzed and utilized as a starting point for wafer-to-wafer
bonding based on nanocopper sintering.

5.6.1 Sample fabrication procedure

The starting materials for this experiment were 100 mm single side polished silicon wafers. A metal
stack of 0.75 pm Al, 100 nm Ti and 300 nm Cu was deposited on the substrate wafer using sputtering.
The titanium layer was used as a copper diffusion barrier and to improve the adhesion of copper to
the substrate. Finally, the wafer was diced using a saw blade into samples ranging from 2 mm x 2
mm to 10 mm X 10 mm to produce the dies needed for the bonding process.

The dies were cleaned with IPA, followed by rinsing in DI water to obtain a clean copper surface
for nanocopper deposition. A separate batch of dies was placed in a 85% formic acid solution for 30
seconds in order to remove the copper oxide. After rinsing in DI water and drying, the dies were
moved immediately to a pick & place machine for die attach using nanocopper.

A separate batch of die substrates was prepared by dicing to a depth of 30 pm into the silicon
substrate to remove the metal stack, including the copper layer. This resulted in electrically insulating
tracks 0.8 mm wide, which delimited the die into 4 distinct areas covered with the copper layer, as
can be seen from Fig. 44. This separation was performed in order to fabricate distinct electrically
conducting paths for measuring the contact resistance along the top die, substrate and nanocopper
at the die attach interface.

A manual MECH-EL 772 pick & place machine was used to attach the top die to the substrate
with nanocopper material. A small quantity of nanocopper was dispensed from a syringe needle with
an inner diameter of 0.51 mm onto the substrate die followed immediately by placing the top die and
applying a small amount of pressure. The applied pressure causes some nanocopper material to flow
from the bond line to the outside environment. This excess material, known as the die attach fillet,
formed an irregular layer on the substrate die along the top die sidewall, as can be seen from Fig. 43.
The presence of the fillet indicated the formation of a macroscopic void-free uniform nanocopper layer
between the top die and substrate during the die-attach process.

5.6.2 Die bonding process

The bonding was performed using an AML-AWB-04 aligner wafer bonder machine. The 2.5 mm top
dies attached with nanocopper to the 6 mm substrate dies were placed between two 100 mm silicon
wafers inside the wafer bonder. The bonding chamber was pumped down to a UHV pressure of 1.6
x 10~ mbar. A bonding pressure of 10 MPa was applied to the dies. The samples were heated with
a temperature ramp up rate of 20 °C/min. Three different sintering temperatures were investigated:
200 °C, 250 °C and 300 °C. The dies were exposed to the sintering temperature for 30 min under
UHV, followed by an annealing step at the same temperature using nitrogen at 1 bar for 30 min,
while the applied pressure was maintained at 10 MPa. Finally, the chamber was cooled down to room
temperature by venting it with nitrogen and the samples were removed and measured.

The bonding conditions for the bond strength and contact resistance tests are presented in Table 3.
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Figure 43: Bonded dies using nanocopper: (a) before shear test with visible nanocopper fillet; (b)
after shear test with nanocopper visible at bond interface.

6 mm

@ (b)

Figure 44: Bonded dies used for contact resistance measurements: (a) before shear test; (b) after
shear test.

5.6.3 Contact resistance measurements

The bonded samples were measured by contacting the copper layer on the die substrate with probe
needles. Only 2 of the 4 available insulated areas on the die substrate were contacted at any given
moment, as illustrated in Fig. 45 (a). The current 10 was forced through the copper layer on the
die substrate. The current path is illustrated in Fig. 45 (b). The voltage drop was measured with
contact probes and the values V1 and V2 along the current path indicated in Fig. 45 were measured
and recorded. The measured resistance was calculated as the ratio between the measured potential
difference (VI - V2) and the forced current I0. Due to the lack of proper Kelvin structures, addi-
tional resistance values were measured. Thus, in addition to the bulk copper-nanocopper-bulk copper
contact resistance, the bulk copper resistance on both the top and substrate dies along the current
path were included in the measurement.

Table 3: Bonding parameters for die-to-die bonding tests.

Die size Test type Bonding pressure [MPa] | Bonding temperature [ °C]
2.5 mm x 2.5 mm Bond strength 10 200-300
3 mm X 3 mm Contact resistance 10 200-300
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Figure 45: Bonded dies used for contact resistance measurements: (a) contact probe needle positions;
(b) schematical cross-section with white arrows indicating electrical current direction.

A total of 10 die samples bonded with nanocopper at each of the 3 sintering temperatures were
measured. The average value and standard deviations were calculated and the results are presented
in Fig. 46.
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Figure 46: Contact resistance versus sintering temperature measurements for 3 mm dies bonded
with nanocopper to 6 mm die substrates. Error bars indicate standard deviation on a sample size of
10 bonded dies.

As can be seen from Fig. 46 the resistance values decrease with increasing sintering temperature.
This confirms the expectation that at higher temperatures the sintering process results in a lower
resistance due to the higher surface energy of copper nanoparticles, which lead to the formation of
fewer voids in the nanocopper material and at the bulk copper-nanocopper interface. Additionally,
the organic shells of the nanoparticles evaporate at approximately 220 °C, enhancing the interaction
and metallic bond formation between the copper cores and lowering the resistance. This is confirmed
by the larger drop in resistance from 200 °C to 250 °C than from 250 °C to 300 °C in Fig. 46. In order
to confirm this, a SEM analysis of the sintered nanocopper cross-section obtained using ion milling
was performed, as described is subsection 5.6.4. Furthermore, the resistance drop is lower at higher
temperatures. Based on the previous TGA analysis, this is attributed to the lower mass loss rate
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above 250 °C. This confirms the lack of a significant resistance improvement (lower value) at temper-
atures above 250 °C. The lowest average resistance value obtained was 15.5 m2 at 300 °C. The lack
of Kelvin structures makes this value not comparable to previous contact reistance measurements in
subsection 5.2.3. Therefore, the results obtained should only be regarded as qualitative measurements
giving an indication of the resistance as a function of fusing temperature. For quantitive values of the
bulk copper-nanocopper contact resistance, please refer to the contact resistance subsection 5.2.3.

5.6.4 FIB and SEM analysis of nanocopper material and interfaces

A focused ion beam (FIB) was used to mill a cavity in the fused nanocopper layer from a 3 mm top
die detached after the die shear test. The die sample was sintered at 250 °C for 30 min followed by 30
min anealling time under an applied pressure of 10 MPa. The experiment resulted in the fabrication
of clean cavity sidewalls utilized for in-situ SEM analysis to obtain high resolution images of the bulk
copper nanocopper interfaces and the structure of the sintered nanocopper paste.

The FIB milling of the cavity was performed using gallium ions. The ion beam milling resulted in
the formation of a 5 pm x 15 pm cavity. The FIB milling removed approximately 15 pm of material
in the following order starting from the sample surface:

e A sintered nanocopper layer approximately 350 nm thick.
e A 300 nm bulk copper layer obtained through sputtering.
e A 100 nm titanium layer as copper diffusion barrier.

e A 750 nm aluminium layer.

e 10-15 pum of the silicon substrate.

The SEM images obtained are presented in Fig. 47.

As can be seen from Fig. 47, the nanocopper particles have fused and formed connections to the
bulk copper layer. The voids formed in the nanocopper material by the evaporated solvents are clearly
visible in Fig. 47 (b-d) as dark areas. The copper nanoparticles accumulate and form clusters which
fuse together to form continuous, void-free structures with dimensions up to 200 nm, as can be seen
from Fig. 47 (c,d). Such structures with uniform density are expected to have excellent electrical
characteristics, with conductivity close to that of bulk copper. However, the presence of voids at the
boundaries of such structures is a limiting factor for the sintered nanocopper conductivity.

Furtheremore, the presence of voids at the nancocopper - bulk Cu interface is expected to result in
a decrease of the shear bond strength. Only the nanoparticles which formed bonds to the copper atoms
in the bulk Cu layer on the dies during the sintering process can contribute to the die bond strength.
An estimation of the actual contact area was performed based on the SEM images in Fig. 47 of the
interface cross-section fabricated using FIB milling. The dark areas present at the nanocopper-bulk
Cu interface correspond to such interface voids, while the bright continuous areas across the interface
correspond to bonds formed between the fused copper nanoparticles and bulk Cu atoms. The effective
contact area was measured as the ratio between these continuous areas across the interface and the
total interface area, with the obtained values being in the 50-60 % range.

The dark areas in Fig. 47 (b-d) caused by nanocopper voids were used to calculate the material
porosity. Image processing software was employed to calculate the porosity value as the ratio between
the void area and the total area of the nanocopper cross-section. The porosity values measured were in
the 25-30% range. An example of such an image used to measure a porosity value of 26% is presented
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Figure 47: SEM images showing: (a) 5 pm x 15 pm cavity fabricated using FIB; (b) cross-section
of metal stack (from top to bottom): sintered nanocopper, bulk Cu, Ti, Al, Si substrate; (c) bulk
Cu-nanocopper interface; (d) sintered nanocopper structure; vertical lines in bulk Cu layer are SEM
imaging artifacts casued by voids in the nanocopper layer.

in Fig. 48 (a). The sample was sintered at 250 °C while a pressure of 10 MPa was applied to it. An
SEM image of a nanocopper sample fused at the same temperature of 250 °C, but without applying
external pressure is presented in Fig. 48 (b) for comparison. The latter sample was fabricated for the
sheet resistance measurement experiment described in section 5.1.

As can be seen from Fig. 48, there is a significant difference in the fused nanocopper layer structure
between the two samples. Applying an external pressure of 10 MPa resulted in a much lower porosity
of 26% compared to 43% when no pressure was applied during the fusing process. Another sample
of unfused nanocopper is presented in Fig. 48 (c¢) for comparison. The lack of FIB milling for the
unfused sample made the porosity calculation challenging. A sidewall of a Kelvin structure present
on the substrate was used for SEM inspection of the unfused nanocopper internal structure. This
resulted in a non-uniform side wall used for the porosity measurements. Nevertheless, using the same
method for porosity calculation, a much higher value of 61% was obtained for the unfused sample.
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Figure 48: SEM images showing cross-sections of: (a) sintered nanocopper at 250 °C and 10 MPa
applied pressure with 26% porosity; (b) fused nanocopper paste at 250 °C without any applied pressure
with 43% porosity; (c) unfused nanocopper sample with a porosity of 61%.

The average particle size increased slightly by fusing the nanocopper at 250 °C, as can be seen from
Fig. 48 (b, c¢). However, applying an exernal pressure of 10 MPa drastically improved the sintering
process, resulting in large 200 nm nanocopper structures.

5.6.5 Bond strength measurements

The bond strength of 2.5 mm x 2.5 mm dies bonded using nanocopper sintering to 6 mm x 6 mm
substrate dies was measured using die shear tests. The procedure for die shear test measurements
was explained in subsection 2.3.2. An example of a load-displacement curve obtained during the die
shear tests is presented in Fig. 49.

As can be seen from Fig. 49, during an initial 1700 ms when the die shear tool head is travelling
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Figure 49: Load-displacement curve from die shear test measurements of 2.5 mm x 2.5 mm dies
bonded using nanocopper sintering at 200°C. Die shear occurs at 2500 gram-force (gf).

toward the top die without contacting it, the force was constant and close to 0 N. When contact
was made between the top die and the tool head at approximately 1700 ms, the measured applied
force started to increase linearly with time. When the maximum shear force was reached, the top die
detached from the substrate, at which point the force is no longer recorded because it decreases below
the minimum threshold of 50 gf (gram-force). The maximum shear force is recorded by the machine
and is used to calculate the shear bond strength according to Eq. 4.

The shear bond strength values of 2 mm x 2 mm dies bonded at temperatures of 200 °C, 250
°C and 300 °C while applying an external force of 10 MPa were calculated. The obtained values for
surface treatment with formic acid compared to reference samples cleaned only with IPA are presented
in Fig. 50.
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Figure 50: Bond strength as function of sintering temperature and surface treatment. Error bars
indicate standard deviation on as sample size of 10 bonded dies.

As can be seen from Fig. 50, the shear bond strength increases with sintering temperature. This
can be attributed to the enhanced fusing process of copper nanoparticles at higher temperatures,
which resulted in the formation of fewer voids at the nanocopper-bulk Cu interface as well as in the
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sintered nanocopper material. Therefore, a denser nanocopper material with a lower porosity and
larger fused copper structures is able to withstand a larger shear force.

The samples treated with formic acid to remove the copper oxide showed a higher shear bond
strength compared to reference dies cleaned only with IPA and bonded with nanocopper sintered
under the same conditions. The lack of copper oxide on the die surfaces is expected to increase the
adhesion of the sintered nanocopper to the die surfaces. During the nanocopper fusing process, bonds
between the Cu atoms in the nanoparticles and the atoms in the bulk Cu layer on the die surfaces can
form if enough surface energy is present and the atoms are in close proximity. However, a thin native
copper oxide layer acts as a barrier preventing the realization of such atomic bonds. Therefore, the
removal of copper oxide by the formic acid is able to improve the shear bond strength. However, a
very thin native copper oxide will form during the bulk Cu exposure to air after formic acid treatment.
This was unavoidable, as no setup for die attach in an oxygen-free atmosphere was available. The
presence of native copper oxide on all dies explains the minor difference between the samples treated
with formic acid and the reference dies. The dies treated with formic acid showed a 18-25% larger
shear bond strength than the reference samples fused at the same temperature. The highest bond
strength value obtained was 41.74 MPa for dies sintered at 300 °C after formic acid treatment.

5.6.6 Results and conclusions

The die-to-die bonding experiment was successful in providing valuable results regarding the mechan-
ical and electrical properties of copper to copper bonding based on nanoparticle sintering. A detailed
explanation of the die sample preparation for bonding including die attach was provided. The die
bonding process was presented with focus on parameters relevant for optimizing the copper nanopar-
ticle sintering such as sintering temperature and copper oxide reducing agents.

Resistance measurements were performed on dies bonded with sintered nanocopper. The qualita-
tive results confirmed the expectation of increasing conductivity at higher temperature. This effected
was attributted to the reduction in voids at the nanocopper-bulk Cu interface and to the enhanced
nanoparticle fusing at higher temperatures.

The bond strength of bonded dies was evaluated based on die shear tests. A surface treatment
with formic acid for removing copper oxide was investigated. The copper oxide reducing agent was
successful in increasing the shear bond strength by providing a cleaner Cu surface for the nanocopper
atoms to bond to. However, the formation of a thin copper native oxide during re-exposure to air was
a limiting factor for the bond strenght. The highest measured shear bond strength value was 41.74
MPa, which is comparable values obtained using anodic bonding [52], eutectic bonding [47], solder-
based bonding [6] and polymer bonding [48, 49] reported in the literature. A comparison between the
shear bond strength values obtained using nanocopper sintering and selected values reported in the
literature is presented in Fig. 51. However, the use of different die sizes and test conditions makes
such comparison challenging. Therefore, further research is required for confirming the obtained die
shear bond strength results.

Furthermore, silicon bulk failure of the top die was observed for very high forces above 25 kgf
during the die shear process. This indicated a reliable connection with a very strong bond strength
formed between the dies using the sintered nanocopper die-attach method.

Higher bond strength values are expected to be possible by reducing the interface voids at the
nanocopper-bulk copper bond line. These voids effectively reduce the contact area between the sin-
tered nanocopper and the bulk copper on the dies. Therefore, the actual contact area is lower than
the die area used to calculate the shear bond strength values. An estimate of the real contact area
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Figure 51: Shear bond strength values obtained using nanocopper (nCu) sintering compared to other
bonding techniques [6, 47, 48, 49, 52, 53].

between the nanocopper and bulk copper on the die substrate was made based on visual inspection
of the SEM images obtained from the FIB cross-section. Approximately 40-50% of the bond interface
area was found to correspond to such voids. The porosity of the sintered nanocopper layer is expected
to further decrease the shear bond strength by providing crack propagation paths along the bound-
aries of the voids in the nanocopper material. Therefore, considering the reduced effective contact
area of the nanocopper-bulk copper interface, bond strength values comparable to that of silicon fu-
sion bonding are expected to be obtained by future improvements to the nanocopper sintering process.
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5.7 Wafer-to-wafer Bonding Experiment

The objective of the wafer-to-wafer bonding experiment was to develop and characterize 3D inter-
connect nanocopper vias fabricated between two wafer substrates using nanocopper sintering. CBKR
structures for measuring nanocopper-to-bulk copper contact resistances are fabricated by patterning
the bulk Cu top and bottom layers on the separate corresponding wafers, followed by nanocopper depo-
sition and wafer bonding using nanoparticle sintering. The bulk silicon of the top wafer is removed by
ething in a KOH solution, exposing the copper CBKR strucures for electrical contact measurements.
The previous results and developed processes such as the sintering temperature of nanoparticles based
on TGA analysis and in-situ measurements, the lithographically defined screen-printing of nanocop-
per and nanocopper-to-bulk copper interface SEM analysis are utilized to develop and optimize the
wafer-to-wafer bonding process.

5.7.1 Sample fabrication procedure

The starting materials for this experiment consisted of 100 + 0.2 mm double side polished monocrys-
talline p-type silicon wafers doped with boron with a resistivity of 2-5 Q-cm and a (100) crystal
orientation. The wafers used had a thickness of 525 + 15 pm and a 0.2-0.4 nm RMS roughness on
both polished sides.

The wafer front side was spin-coated with Shipley SPR3012 positive photoresist 1.4 pm thick us-
ing an EVG 120 coater/developer machine. A hexamethyldisilazane (HMDS) surface treatment was
used to improve the adhesion of phororesist to the substrate. A soft photoresist bake at 95 °C for
90 seconds was performed to remove residual solvent. A subsequent exposure at an energy density
of 150 mJ/cm? using an ASML PAS 5500/80 I-Line stepper was employed to transfer the alignment
marks from the patterned chromium structures on the photomask to the photoresist on the wafer
substrate. Both stepper marks for aligning future layers and AML bonder marks used to align wafes
during the bonding process were exposed. A post-exposure bake (PEB) step at 115 °C for 90 seconds
was performed to reduce the effect of standing waves produced in the resist layer during exposure.
The exposed photoresist areas were removed during the development step using an MF322 aqueous
solution of tetramethylammonium hydroxide (TMAH). A hard bake step at 100 °C for 90 seconds
was utilized to further solidify the fabricate photoresist mask layer, increasing its durability for the
subsequent processing steps. A quartz pen was used to manually label the wafers by inscribing their
number in the developed photoresist layer next to the wafer primary flat. A schematic illustration of
the fabricated photoresist mask for etching the alignment marks is presented in Fig. 52 (a). Optical
microscope inspection of the developed photoresist layer confirmed that no resist residues were present
in the exposed areas.

The dry etching of the alignment marks was performed using an Trikon Omega 201 machine.
The wafers were etched using fluorine containing plasma under a vacuum pressure of 60 mTorr us-
ing an incident RF (radio frequency) power of 500 W. The total etching time for each wafer was 55
seconds, resulting in 120 nm deep alignment marks in the silicon substrate. The plasma-hardened
photoresist was removed using oxygen plasma under vacuum in a Tepla resist stripper. An endpoint
detection system was employed to calculate the processing time, followed by a 2 minute overetch.
Organic residues were removed by wafer immersion from 10 min nitric acid (99% HNOj3), followed
by rinsing in DI water. Metal contaminants were removed by immersing the wafers for 10 minutes
in 65% nitric acid at 110 °C for 10 minutes, followed by rinsing in DI water up to resistiviy value of
5 M- cm. Finally, the wafers were dried using a Semitool Avenger Basic 8-2 spin rinser dryer. A
schematic illustration of the fabricated alignment marks in the silicon substrate is presented in Fig. 52
(b). The extensive cleaning steps described were performed to prevent furnace contamination during
the subsequent silicon nitride deposition.
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The deposition of silicon nitride was performed using a Tempress horizontal furnace. A gaseous
mixture of dichlorosilane (SiHzCly) and ammonia (NHs) was used during the low-stress LPCVD pro-
cess at 850 °C for 43 minutes to obtain a 300 nm thick layer of silicon nitride on the wafer substrates.
A low-stress deposition process was selected to prevent excessive bow of the wafers. The wafer flatness
variation casued by the increased bow would have otherwise adversely affected the uniformity of the
screen-printed nanocopper layer. A Leitz MVP-SP ellipsometry machine was utilized to measure the
silicon nitride thickness with results being in the 300+5 nm range. The fabricated wafers with the
silicon nitride layer on both sides are depicted schematically in Fig. 52 (¢). The silicon nitride was
used as part of the diffusion barrier against copper diffusion and as a stop layer for KOH etching of
the top silicon wafer.

At this point, the substrates were separated into top and bottom wafers depending on their posi-
tion during the bonding process. The top wafers were coated with 1.4 pm photoresist, exposed and
developed using the same lithographic procedure described before. The exposed strucures were round-
shaped contact openings with a diameter of 100 pm. During exposure, the structures were aligned
to the marks previously etched in the silicon substrate.The developed photoresist mask is illustrated
schematically in Fig. 52 (d).

The exposed silicon nitride was removed using a Alcatel GIR 300 F RIE (Reactive Ion Etching)
etcher. A gaseous mixture of tetrafluoromethane (CFy), sulfur hexafluoride (SFg ) and oxygen was
employed to dry etch the silicon nitride completely from the back side of the top wafers. This was
performed in orded to expose the bulk silicon for the subsequent KOH etch. The exposed
silicon nitride areas in the photoresist contact openings on the substrate front side were partially
etched, leaving a thin layer of approximately 10-20 nm of silicon nitride on the substrate as a stop
layer for the KOH etch of bulk silicon. The etching process results in openings in the nitride layer for
accessing the metal structures. These 100 pm round structures were used later to contact
the metal layers for resistance measurements after the bulk silicon of the top wafers was
removed during KOH etching. The etch time was carefully controlled based on the etch rate and
previous measurements of the etched silicon nitride depth. The photoresist was later removed using
oxygen plasma in a Tepla machine, followed by cleaning in nitric acid as previously described. Mea-
surements of the unexposed/etched silicon nitride step height using a Veeco Dektak surface profiler
machine were performed in order to accurately control the etch times. This was crucial in order to
obtain a silicon nitride layer as thin as possible for the subsequent KOH etching. The silicon nitride
layer needed to be thick enough to act as a stop layer for the silicon etch using KOH, but thin enough
for easy removal to measure the contact resistance. Therefore, a 10-20 nm thickness range was se-
lected, based on a compromise between mechanical robustness and ease of access to metal structures
for electrical measurements. A schematical illustration of the etched contact openings in the silicon
nitride layer is presented in Fig. 52 (e). No silicon nitride etching was performed on the bottom wafers.

Physical vapour deposition (PVD) was employed to sputter a metal stacks of Ti, TiN and
Cu on the front side of both top and bottom wafers. After cleaning step using nitric acid and drying,
the wafers were loaded in a Trikon Sigma sputtering machine. A 10 nm Ti layer followed immediately
by a 40 nm TiN layer deposition under vacuum at 350 °C was performed. The immediate deposition
of TiN under vacuum conditions ensured no native Ti oxide was formed during exposure to air to give
rise to additional resistance of the metal stack. A subsequent deposition of a 500 nm Cu layer was
performed at 25 °C, resulting in a conformal layer of Cu/TiN/Ti layer on the top silicon wafers, as is
presented schematically in Fig. 52 (f). The same metal sputtering procedure was performed on the
bottom wafers.

The front side of both top and bottom wafers was coated with a 1.4 pm positive photoresist layer,
followed by exposure and development. The patterned photoresist layer was used as a mask for wet
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etching the Cu/TiN/Ti layers and is presented in Fig. 52 (g). The previously etched marks in the sili-
con layers were used to align the newly exposed structures to the contact openings in the nitride layer
in the case of the top wafers. Furthermore, all the structures etched on the top wafers were mirrored
horizontally to ensure the correct overlap with the ones on the bottom wafer during the subsequent
bonding process. Additional 2 mm x 2 mm structures around the AML marks were exposed on both
the top and bottom wafers. These structures were necessary to enable infrared wafer alignment in the
bonder, as the infrared radiation cannot be transmitted through the Cu/Ti/TiN layers. The exposed
metal areas were subsequently removed by wet etching, enabling IR inspection of AML marks used
to align the wafers during the bonding process.

Using the developed photoresist mask, the Cu layer was removed from the exposed areas by
wet etching. The wafers were immersed in an aqueous solution of sodium persulfate (NazS20g) and
sulphuric acid (H2SO4). The solution was kept at room temperature and stirred constantly to ensure
an uniform etch rate across the wafer surface. A flash point corresponding to the exposure of the
TiN layer after all the exposed Cu was etched was observed after 7.5 min. An overetch time of 1 min
was used to remove any residual Cu on the wafers. After a subsequent rinse in DI water, the wafers
were immersed in a Ti/TiN etching aqueous solution of ammonium hydroxide (NH4,OH) and
hydrogen peroxide (H203). The exposure of the underlying silicon nitride layer corresponding to the
flash point was observed as a change in colour after 4 minutes. An overetch time of 1 min was used
to remove any residual Ti/TiN on the wafers. After rinsing in DI water for 10 minutes, the wafers
were spin-dried. A careful inspection using an optical microsope revealed correct patterning of the
metal layers without any significant underetch beneath the photoresist mask. A photoresist removal
step was performed by immersing the wafers in an NMP solution at 70 °C. The wafers were rinsed
with IPA, ethanol and DI water and spin-dried. An optical microscope inspection confirmed that no
photoresist residues were present on the wafer surfaces. A schematical illustration of the patterned
metal layers after wet etching is presented in Fig. 52 (h).

The top wafers were coated with positive photoresist 2 pm thick. The photoresist was exposed
using an energy density of 250 mJ/cm? by aligning to the marks etched in the silicon substrate,
followed by development. The fabricated patterned photoresist layer acted as the mask for screen-
printing the nanocopper paste. A 10 second immersion in the Cu etchant solution of NaySsOg
and HsSOy, followed by rinsing in DI water and spin-drying was performed to remove the copper
oxide from the surface in preparation for the nanocopper deposition. The screen printing process
was performed by dispensing a small quantity of nancopper paste on the wafer edge and spreading it
manually across the wafer using the squeegee fill blade. The inclination angle between the squeegee
blade and wafer plane was approximately 20°. The screen printing process was repeated several times
in several directions across the wafer surface to obtain a uniform nanocopper paste layer. A mod-
erate pressure was applied to the manual squeegee blade to prevent the depression and bulge effects
explained in section 4.2. The screen-printed nanocopper layer is illustrated schematically in Fig. 52 (i).

The nanocopper paste was dried by placing the wafers on a hot plate at 50 °C for 5 minutes. The
photoresist lift-off process was performed by immersing the wafers in NMP at room temperature
under ultrasonic agitation for 1 minute, followed by further NMP immersion without ultrasonic ag-
itation for 1 minute. The reduced exposure time to ultrasonic agitation was selected to prevent the
damage to the nanocopper structure edges described in section 4.3. After rinsing with DI water and
spin-drying, the wafers were subjected to optical microscope inspection which revealed no significant
photoresist residues or unwanted nanocopper present outside the patterned structures. A schematic
illustration of the patterned nanocopper layer is presented in Fig. 52 (j).

The patterned nanocopper structures consisted of round vias with 3 different diameters: 20 pm,
50 pm and 100 pm. The nanocopper vias were aligned to the 100 pm contact openings previously
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etched in the silicon nitride layer. Examples of such nanocopper vias on bulk Cu are illustrated by the
images obtained using a Leitz optical microscope presented in Fig. 53. The lift-off process resulted in
clear patterning of the nanocopper vias with sharp edges, as can be seen from Fig. 53.

(c)

Figure 53: Nanocopper via structures (dark) on bulk Cu (bright) deposited on silicon nitride (ma-
genta): (a) 20 pm via; (b) 50 nm vias and (¢) 100 pm via.

Nanocopper was not deposited on the bottom wafer substrates. Before the bonding process, the
bottom wafers were immersed in the Cu etchant solution for 10 minutes to remove the copper oxides
and provide a clean copper surface for the nanocopper sintering process. A schematic illustration of
the bottom wafers ready for bonding is presented in Fig. 52 (k).

The top wafers with the screen-printed nanocopper paste structures were transported after the
lift-off process directly to the bonding chamber. The waiting time between the lift-off process and
bonding using sintering was kept as low as possible in order to minimize the hardening and possible
oxidation of the copper paste before the bonding process starts. The wafers were loaded in an AML-
AWB-04 aligner wafer bonder machine and the bonding chamber was pumped down to a high vacuum
pressure of 1.6 x 10~* mbar. The top and bottom wafers were aligned using infrared (IR) radiation
generated by IR bulbs located under the bottom wafer. The IR radiation is transmitted through the
bulk silicon and silicon nitride layers and the AML mark images are captured by IR cameras. The
AML marks are 100 pm x 100 pm cross-shaped structures located on the left and right sides of the
wafer. The top and bottom wafers were brought within 0.1-0.2 mm of each other in order to have the
AML marks from both wafers within focus. Careful alignment of the marks was performed, followed
by applying approximately 500 N of force to contact the wafers. The AML marks on the top wafer
are slightly larger, enabling the positioning of the bottom marks within within them to an accuracy of
2-5 pm. The accurate wafer alignment was important in order to fabricate the CBKR structures with
a correct overlap of their corresponding top and bottom layers. The IR images of the marks before
and after contact are presented in Fig. 54. No visible misalignment was observed when the two wafers
were contacted.

After achieving wafer contact, the applied force was increased and maintained at 7500 N, while the
temperature was increased to 250 °C using a ramp up rate of 15 °C/min. The wafers were maintained
at 250 °C under an applied force of 7500 N for 30 min for the nanocopper sintering process to develop.
A subsequent annealing step under the same temperature and applied force conditions was performed
using nitrogen at 1 bar. The nitrogen was used to provide an inert atmosphere during annealing.
Finally, the wafers were cooled down to room temperature using nitrogen venting for approximately 1
hour. The bonded wafer pair is illustrated schematically in Fig. 52 (1). An IR imaging setup described
in subsection 2.3.1 was used to inspect the alignment of the bonded wafers. As can be seen from the
IR images in Fig. 55, there is no visible misalignment between the top and bottom wafers. Therefore,
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(b)

Figure 54: IR images of left and right AML marks: (a) before wafer contact; (b) after wafer contact.
Dark crosses: bottom AML marks; surrounding brighter edges: top AML marks.

the successfully aligned bonded wafers were used for contact resistance measurements after top wafer
removal by KOH etching.

Figure 55: IR images of bonded wafers using sintered nanocopper. CBKR structures are visible in
the magnified image on the right. Dark areas: metal layers opaque to IR radiation; Bright areas: bulk
silicon and silicon nitride.

The bonded wafers were encapsulated in a polydimethylsiloxane (PDMS) material in order to pro-
tect the wafer edges against KOH infiltration to the bond interface. A 30 ml quantity of SYLGARD
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184 silicone elastomer was mixed with 3 ml of SYLGARD 184 curing agent for 1 minute until a ho-
mogeneous viscous material was obtained. The mixture was poured over the bonded wafers placed in
a plastic container. After a uniform layer of PDMS encapsulating the bonded wafer pair was formed,
setup was placed in a Heraeus vacuum oven for curing. The PDMS was kept at 65 °C for 2 hours at
atmospheric pressure in order to cure it. After cooling down to room temperature, the wafers were
removed and the PDMS layer on the top wafer was cut and partially removed manually, as illustrated
schematically in Fig. 52 (m). A 5 mm wide band of PDMS was left around the wafer edge to protect
agains KOH infiltration to the bond interface.

In order to remove the top wafer, the bonded wafer pair encapsulated in PDMS was placed in a
KOH solution with the back side of the top wafer exposed to the silicon-etching solution. A 30% KOH
solution heated to 80 °C was utilized to etch the top wafer. The solution temperature was carefully
monitored and an etch time of 6 hours and 7 minutes was calculated for the removal of the 525 pum of
bulk silicon. The measured etch time was 6 hours and 15 minutes. The time difference is attributed to
extra etch time for the native silicon oxide and any variations in temperature and KOH concentration.
The final bonded wafer structure is illustrated schematically in Fig. 52 (n). Before the entire bulk
silicon was etched, the contact openings for the largest structures were visible as dark areas against
the characteristic grey color of silicon, as can be seen from Fig. 56 (a). After a subsequent 10 minute
etch, all the bulk silicon was removed, exposing the metal contacts and silicon nitride layer, as can be
seen from Fig. 56 (b).

Unfortunately, some KOH solution was able to infiltrate under the PDMS band around the wafer
edge, as can be seen from Fig. 56. This can be explained by the KOH etching of the native silicon
oxide layer present on the wafer surface before PDMS encapsulation. The etch reaction by-products
include hydrogen gas. The gas trapped between the PDMS layer and substrate expanded and exerted
pressure on the PDMS layer causing it to delaminate. Therefore, the KOH was able to infiltrate under
the PDMS layer due to this delamination effect. One possible future improvement to this process is to
deposit a silicon oxide layer on the back side of the top wafer and pattern a 5 mm silicon oxide band
around the wafer edge by wet etching in buffered hydrofluoric acid (BHF). The silicon etch would be
performed using TMAH, which does not etch silicon dioxide as KOH does. After PDMS encapsula-
tion, a PDMS band narrower than 5 mm would be left to protect the wafer interface. Therefore, as
no reaction between the TMAH and silicon dioxide takes place, no delamination of the PDMS layer
should occur. Although a limited amount of KOH infiltration was present, the fabricated structures
were not severely affected by it and contact resistance measurements were possible.

5.7.2 Contact resistance measurements

Standard CBKR structures were fabricated to measure the contact resistance of Cu-nanocopper-Cu
interconnects between the bonded wafers. An example of a CBKR structure after top wafer removal
by KOH along with a schematical cross-section illustrating the metallic layer configuration are pre-
sented in Fig. 57. The metal layers (Ti/TiN/Cu) present on the top wafer are visible in yellow-green
color due to the light interference effects of a very thin (10-20 nm) SizN4 layer covering the entire
wafer. The presence of this layer along with KOH infiltration and any etch reaction by-products on
the surface result in characteristic interference rings, as can be seen from Fig. 57 (a). The thicker
SizNy regions covering the metal layer present on the bottom layer, as shown in Fig. 57 (b) have a
specific purple color, which is visible in the areas marked by “Bottom” in Fig. 57 (a). The round
100 pm contact openings corresponing to the screen-printed nanocopper structures are also visible
in Fig. 57 (a), along with contact probe needle positioned for measurements. The thin 10-20 nm
silicon nitride layer above the contact openings was removed in the case of most structures due to the
mechanical stresses occured during the KOH etch and the subsequent rinse in DI water and dry steps.
Any silicon nitride remnants were removed by a careful scratch with the probe needle tips during
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Figure 56: (a) Bonded wafer pair after partial KOH etch of top wafer; (b) Via openings in the top
silicon wafer are visible.

contact resistance measurements.

Contact Contact
probe 1 probe 2
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Figure 57: CBKR structure after top wafer etch in KOH: (a) “Top” indicates the metal layer covered
by thin (10-20 nm) Si3Ny from top wafer. “Bottom” indicates the metal layer covered by thick (300
nm) SizNy on bottom wafer. Contact probe needles are visible. (b) Schematical cross-section of
CBKR structure with corresponding probe contacts.

A current of 10 mA was forced between contacts 3 and 4, shown in Fig. 57. The current flowed
from contact point 3 through the top metal layer and reached the Cu-nanocopper-Cu interconnect in
the center of the CBKR structure. The voltage drop over the interconnect structure was measured
between the top and bottom metal layers by contact probes 1 and 2 respectively. The recorded voltage
potential difference was later used to determine the interconnect contact resistance. Finally, the cur-
rent flowed from the interconnect structure to contact point 4, which corresponds to ground potential,
completing the electrical circuit. Although the current flowed through an additional nanocopper in-
terconnect structure between the bottom and top metal layers, as illustrated in Fig. 57 (b), the extra
resistance did not affect the measurement. The intrinsic advantage of the CBKR structure is a
virtual 0 current flow between voltage sensing terminals 1 and 2. Therefore, a zero current
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flow through the bottom Cu/Ti/TiN layer and nanocopper interconnect generated zero additional
resistance during the measurement. Furthermore, any asymmetries between CBKR, structure compo-
nents or contact resistances originating from the probe needles did not influence the measurement due
to the same reason. The aforementioned effect makes the CBKR structure measurement by 4-terminal
sensing an elegant method for accurately evaluating contact resistances.

CBKR structures containing nanocopper interconnects with diameters of 20 pm, 50 pm and 100
pm were measured on two separate wafer pairs bonded at 225 °C and 250 °C. During each measurent,
a current of 10 mA was forced between contacts 3 and 4 illustrated in Fig. 57 (a) and the volt-
age drop over the nanocopper interconnect was measured between contacts 1 and 2 respectively. A
least square fitting of a linear function was employed to generate a correlation coefficient based on
the 33 data points recorded from each measurement. The correlation coefficient values above 0.995
were assumed to correspond to reliable measurements which showed consistent results during multiple
consecutive measurements of the same structure. The difference between a relatively low (0.995) and
high (0.9992) correlation coefficient value is illustrated by the corresponding I-V data points in Fig. 58.

(a) (b)

Figure 58: I-V data points from nanocopper via contact measurements with correlation coefficient
values of: (a) 0.9946; (b) 0.9992.

The stray data points in Fig. 58 (a) correspond to electrical contact irregularities occuring during
the measurement. Their origin includes variations in poor electrical contact between terminals 3 and
4 used for current forcing. The electrical breakthrough to the metal layer by partial burn-out of the
thin silicon nitride layer is believed to contribute to these resistance measurement distortions.

The measured contact resistances for different nanocopper via diameters were averaged and the
standard deviation was calculated using measurements from 10 samples per each via dimension and
sintering temperature combination. The results are presented in Fig. 59 (a). As expected, the con-
tact resistance is a strong function of the nanocopper via diameter. The larger nanocopper structure
dimension offers a larger area for the electrical current to flow through, minimizing the contac resis-
tance. Furthermore, the contact resistance was found to decrease at higher a sintering temperature.
This can be explained by the enhanced fusing process of copper nanoparticles at higher temperature.
The increased surface energy results in higher reactivity of nanoparticles, leading to a higher chance
of forming Cu-Cu bonds between the nanocopper atoms and the ones in the bulk Cu layer. By pro-
viding a larger effective contact area between the fused nanocopper structures and the Cu layers on
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the wafer surfaces, the enhanced sintering process at higher temperatures was able to minimize the
contact resistance, as can be seen from Fig. 59. The average contact resistance was found to be 16.7%
lower for the wafers bonded at 250 °C than at 225 °C.
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Figure 59: (a) Contact resistance as function of nanocopper via diameter for different sintering
temperatures; (b) Specific contact resistance as function of nanocopper sintering temperature. Error
bars indicate standard deviation.

The geometrical correction factor for CBKR structures reported in the literature [54] was not used
for the calculation of contact resistances during this experiment. Its use was considered unnecessary
and thus avoided in order to simplify calculations and also due to uncertainties related to nanocopper
material deformation during bonding and CBKR structure damage during top wafer KOH etch.

The specific contact resistance was calculated by multiplying the contact resistance with the
nanocopper via area. This value provided an indication of contact resistance independent of the
nanocopper structure area. Using the specific contact resistance enabled a more reliable correlation
between the sintering conditions and contact resistance. The calculated average values for the specific
contact resistance as function of sintering temperature are presented in Fig. 59 (b). As expected,
the specific contact resistance decreases with temperature due to the enhanced copper nanoparticle
sintering process at higher temperatures described previously.

The specific contact resistance values obtained using wafer bonding were significantly higher than
the ones measured on nanocopper screen-printed on bulk Cu CBKR structures in subsection 5.2.4.
There are several factors contributing to this difference. In the case of CBKR structures fabricated
using wafer bonding, two nanocopper-to-bulk Cu interfaces contributed to the contact resistance,
through resistances R! and R2. Furthermore, the nanocopper via intrinsic resistance R(nCu) was
added to the measured value. The schematic illustration of the aforementioned 3 resistances in series
is presented in Fig. 60. Therefore, the measured contact resistance R¢ is the sum of the intrinsic
nanocopper resistance R(nCu) and the interface contact resistances Rc1 and Reso, as indicated by
Eq. 9.

Rc = Ret1 + R(’HCU) + Reo (9)

The patterning technique employed resulted in clearly defined structures down to 5 pm lines, as
can be seen from Fig. 31 (b).
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Figure 60: Schematic illustration of the nanocopper intrinsic resistance R(nCu) and nanocopper-
to-bulk Cu interface contact resistances Rcl and Rc2.

Furthermore and most importantly, the wafers were bonded after the nanocopper paste was dried
at 50 °C before the photoresist lift-off process in NMP. The dried nanocopper layer resulted in a poor
nanocopper-bulk Cu bond interface during the sintering process. A viscous nanocopper paste was able
to flow across the wafer when external pressure was applied to it during the screen-printing process,
forming a uniform layer on the substrate. This brought a large number of copper nanoparticles in
close proximity to bulk Cu atoms to which they subsequently formed strong bonds during the sintering
process. However, by drying, the nanocopper paste loses its viscous properties. The dry nanocopper
surface had a high roughness and a rigid structure. Therefore, when this surface was pressed against
the bulk Cu structure during the wafer bonding process, it was unable to flow and attach to the
bulk Cu surfaces as was the case for the wet nanocopper paste. Therefore, the dried nanocopper
material was not able to form strong bonds with the atoms in the bulk Cu layer during the sinter-
ing process, resulting in a lower number of conducting paths and therefore increased contact resistance.

Another important factor was the introduction of significant stresses to the bond interface during
the wafer bonding process which caused damage to the CBKR structures and nanocopper-bulk Cu
interfaces. By applying a high external force of 7600 N to the bonded wafers, severe mechanical stress
was exerted on the CBKR due to height differences between different structures at the bond interface.
The high roughness of the dried nanocopper layer added to this effect. This mechanical stress lead
to crack formation in the silicon bulk close to the bond interface. Such cracks, visible in Fig. 61 (b)
later constituted infiltration paths for the KOH solution during wet etching of the bulk silicon from
the top wafer.

The removal of the top wafer by KOH etching further aggravated the issue. The metal layers
from the top wafer were exposed for electrical measurements, resulting in fragile structures vulnera-
ble to delamination. Thermal stresses during removal from the 80 °C silicon etch solution and KOH
infiltration at the bond interface resulted in delamination effects observed between the two metal
layers of the CBKR structures. Furthermore, mechanical stresses caused by probe contacts dur-
ing 4-terminal sensing measurements correlated with fragile top metal layer structures resulted in
damage to the nanocopper vias and nanocopper-bulk Cu interfaces. The end result of these effects
was a significantly higher specific contact resistance in the case of CBKR fabricated by wafer bonding.

5.7.3 Nanocopper structure and interface characterization

In order to inspect the nanocopper structure and bond interfaces after the sintering process, a pair
of bonded wafers was diced using a 80 pm saw blade. The obtained 2 mm wide sample was placed
inside a Philips SEM XL-50 machine for cross-section measurements of the bond interface.

Although FIB milling is able to produce a much cleaner cross-section, the high wafer thickness
(525 pm) made the FIB technique impractical for this experiment. The dicing procedure resulted in
limited damage to the sample cross-section, but its effects did not prevent the inference of valuable
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conclusions from the SEM image inspection and measurements.

An SEM image of the cross-section giving an overview of the bonded wafers and the bond interface
is presented in Fig. 61. The two separate wafers along with their bond interface are visible in Fig. 61
(a). The image of the bond interface in Fig. 61 (b) revealed important information regarding the
wafer bonding process effect on the bulk silicon. Large cracks in the bulk silicon are visible in a 25
pm range from the bond interface in the top wafer. Their origin is believed to be mechanical stress
caused by height differences between different layers at the bond interface, as was explained previ-
ously. Futhermore, a delamination can be observed at the nanocopper-top wafer interface. This can
be explained by the poor adhesion and lack of bond formation between the dry nanocopper material
and bulk Cu surface, as was described previously.

S5 11 pm SRS
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150kV 20 2500x SE 136

(a) (b)

Figure 61: SEM cross-section images of: (a) bonded wafer pair overview; (b) bond interface with
sintered nanocopper and bulk silicon voids and cracks.

The sintered nanocopper layer height was measured to be in the 1.5-2.5 nm range. SEM images
of the sintered nanocopper particles are presented in Fig. 62. A significant change in the nanocopper
structure was observed compared to the unfused nanocopper illustrated in Fig. 63. The nanocopper
sintering process resulted in the formation of large copper structures up to 1 pm in size, as can be
observed from the measurements in Fig. 62 (a).

The nanoparticle sintering process was able to transform the small unfused nanoparticles with
dimensions in the 50-100 nm range, as can be seen from Fig. 63 (b) into 1 pm structures. The large
sintered nanocopper structures are expected to have electrical conductivity values close to that of bulk
Cu. The voids present between their bondaries are an important limiting factor for the conductivity
of the nanocopper interconnects. Therefore, lowering the amount of voids in the nanocopper and ob-
taining larger sintered nanocopper structure dimensions was a worthwhile goal for the current project.

An estimate of the nanocopper material porosity was made using ImageJ image processing software.
Using the same upper and lower grayscale thresholds for both images, the porosity was calculated as
the ratio between the dark areas corresponding to voids and the total cross-section area. The values
obtained for unfused and sintered nanocopper material were 62% and 28%, respectively, as can be
observed from Fig. 64. The significant porosity reduction was correlated with a densification of the
nanocopper layer during the sintering process. This effect, together with the formation of large fused
nanocopper structures from 750 nm to 1 pm resulted in long-range conductive paths leading to a
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Figure 62: SEM cross-section images of copper nanoparticles sintered at 250 °C: (a) delamination
visible at interface with top wafer; (b) measured heights of metal stacks on top and bottom wafers.
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Figure 63: SEM image of unfused nanocopper structure: (a) overview; (b) high magnification image
with measured nanoparticle dimensions.

substantial decrease in sheet resistance. This was confirmed by electrical sheet and contact resistance
measurement values in the M range for the unfused nanocopper. After the sintering process, the
resistance reduced drastically, as confirmed by the measurement results of the sintered nanocopper
material. Furthermore, the formation of continuous copper structures across the nanocopper-bulk Cu
interface visible in Fig. 62 resulted in a reduction of contact resistance by increasing the contact area
between the nanocopper and bulk Cu layers.

5.8 Conclusions

The wafer bonding experiment based on nanocopper sintering was successful in the development, fab-
rication and test of the nanocopper interconnect vias for 3D integration applications.

Using the lithographically defined screen printing method desctibed in chapter 4, van der Pauw
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Figure 64: SEM images used for porosity measurements: (a) 62% porosity for unfused nanocopper;
(b) 28% porosity for sintered nanocopper.

nanocopper structures were fabricated in order to measure sheet resistance. The sample fabrication
procedure and the nanocopper fusing parameters were explained in detail with focus on minimizing
the copper oxidation. The variation of nanocopper resistivity with temperature was measured and
explained. The lowest nanocopper resitivity value obtained was 9 times higher than the theoretical
value for bulk Cu. The resistivity value measured after fusing the nanocopper at 200 °C was approx-
imately 6 times lower than the value reported in the literature for nanocopper thin films fused at
a similar temperature [55], showing promising results for high conductivity 3D copper interconnect
fabrication.

The realization of CBKR structures for the nanocopper-to-bulk copper contact resistance experi-
ment was explained along with the fusing profile conditions. The 4-terminal measurements of CBKR,
structures were documented. The lowest value for the specific contact resistance of 0.227 Q- pym? was
obtained at a fusing temperature of 240 °C. This resistance is comparable with the 0.15 - pm? value
reported in the literature for Cu-Cu thermocompresion bonding at 400 °C after soaking in HCL to
remove the copper native oxide [25]. Therefore, a significant fusing process temperature reduction of
200 °C was achieved while obtaining comparable contact resistance values.

In order to study the fusing profile of the nanocopper material, an in-situ experiment focused on
measuring resistance variation with temperature was conducted. The sample fabrication procedure
was explained along with the fusing conditions. The measurement results provided valuable informa-
tion regarding the fusing point of the copper nanoparticles. A sharp resistance drop was measured
corresponding to the nanocopper fusing point at 240 °C. The prolonged exposure to lower fusing tem-
peratures did not affect the resistance, confirming the above-mentioned fusing point. Furthermore,
the fusing process was found to be irreversible, with no significant increase in resistance after the
sample was cooled down to room temperature.

A TEM analysis of the unfused nanocopper material was conducted in order to investigate its
nanoparticle structure. The TEM images of the nanocopper material revealed valuable information
regarding the nanoparticle dimensions and the organic surfactants. The unfused copper nanoparticle
size distribution was found to be in the 10-30 nm range with the organic surfactants acting as an ef-
fective barrier against particle conglomeration before the evaporation of organics during the sintering
process at 240 °C. The SAED pattern in Fig. 40 (c) confirmed the crystalline structure of the copper
nanoparticles.

A TGA analysis of the nanocopper material was conducted in order to further analyze the nanopar-
ticle fusing point. The nanocopper mass loss rate was recorded as function of temperature. The evap-



5 WAFER BONDING BASED ON NANOCOPPER SINTERING 7

oration of different solvents and organic surfactants in the nanocopper material was correlated with
their boiling temperatures and the mass loss profile was separated into distinct temperature regimes
accordingly. The nanocopper fusing range of 200-250 °C was selected as a trade-off between mass loss
rate and low temperature processing objective.

The die-to-die bonding experiment was conducted in order to study the bond strength and elec-
trical characteristics of dies bonded using sintered nanocopper in preparation for the wafer bonding
experiment based on a similar technique. The die fabrication method was explained in detail and
the die attach using a pick & place machine was described. The die bonding parameters were docu-
mented. The contact resistance of bulk Cu-nanocopper-bulk Cu was measured as function of fusing
temperature. Although no quantitative values were measured due to the lack of CBKR structure, the
decrease of contact resistance with fusing temperature was confirmed.

The sintered nanocopper structure was investigated along with the nanocopper-bulk Cu bond in-
terface using FIB milling and SEM analysis. A cavity was fabricated in the substrate die covered by
the sintered nanocopper layer using FIB milling. The cavity sidewall was used to obtain cross-section
SEM images of the sintered nanoparticle structure and bond interface. The SEM measurements
provided valuable information regarding the fused copper structures and the nanocopper-bulk Cu
interaction at the bond interface. Large fused nanocopper structures up to 200 nm were measured
and continuos copper structure were visible across the bond interfaces, indicating the formation of
metallic bonds between the nanocopper and bulk Cu atoms. These high-strength bonds were expected
to provide reliable connections, as was confirmed by the shear bond strength tests. Furthermore, these
measurements were used to obtain estimations of the effective nanocopper-bulk Cu contact area. Fi-
nally, the porosity of the sintered nanocopper layer was measured using image processing software.
Significant changes in nanocopper porosity were measured for different states such as unfused, fused
without pressure and sintered nanocopper using 10 MPa of external pressure. Sintering under applied
pressure produced the lowest porosity value of 26%.

Die shear tests were performed on 2.5 mm square dies bonded with nanocopper to a silicon sub-
strate covered with a sputtered bulk Cu layer in order to measure their bond strength. The effect
of sintering temperature and surface treatment with formic acid for copper oxide removal were in-
vestigated. The copper oxide reducing agent treatment produced shear bond strength values 18-28%
larger than for samples treated only with IPA at the same sintering temperatures. The difference can
be explained by the enhanced fusing of copper nanoparticles with atoms in the bulk Cu layer when
the copper oxide is removed. The higher shear bond strength values measured for larger sintering
temperatures was attributed to the increased interaction of nanoparticles at high temperatures, which
resulted in the formation of large copper structures and increased effective Cu-Cu contact area at
the interface, as confirmed by the SEM analysis of the FIB milled sample. The highest shear bond
strength obtained by nanocopper sintering at 300 °C was 41.74 MPa, which was substantially higher
than values reported in the literature for solder bonding, eutectic and anodic bonding. This value
showed promising results for high-strength die bonding based on nanocopper sintering.

The wafer-to-wafer bonding experiment based on nanocopper sintering was successful in demon-
strating the fabrication of patterned nanocopper interconnects for 3D applications. The valuable
information gathered during the lithographically defined nanocopper structures, nanocopper sheet
and contact resistances, fusing profile and die bonding experiments previously presented was used
during the wafer-to-wafer bonding experiment.

The wafer sample fabrication procedure was explained in detail, including the nanocopper screen
printing and top wafer removal by KOH etching to access the CBKR structures for electrical mea-
surements. The wafer bonding process was described and the IR inspection of bonded structures
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confirmed their correct alignment. The contact resistance measurement of CBKR structures exposed
after KOH silicon etching was described. The measurement results based on reliable ohmic contacts
with CBKR probe contact pads were used to calculate the specific contact resistance of the fabricated
nanocopper via interconnects. The obtained values were higher than the ones previously obtained
by screen-printing the nanocopper on bulk Cu structures. The increase in contact resistance was
explained by the poor interaction of dry nanocopper material with the bulk Cu layer during the sin-
tering process. Additional factors included the double nanocopper-bulk Cu interface, the additional
nanocopper via intrinsic resistance and the damage sustained by the CBKR structures during the
bonding process and KOH bulk silicon etch. Despite the higher resistance values, the realization
of electrically condcutive nanocopper wafer-to-wafer interconnects within the 200-250 °C range has
shown very promising results for the low temperature fabrication of 3D copper interconnects.

The sintered nanocopper structure and nanocopper-bulk Cu interface were inspected using SEM
imaging of cross-sections obtained using dicing. Significant cracks in the bulk silicon layer of the
top wafer close to the bond interface were observed. The origin of the silicon cracks was explained
based on the mechanical stresses associated with height differences between different structures at
the bond interface. The delamination between the nanocopper layer and top wafer surface confirmed
the poor adhesion and fusing between the dried nanocopper and bulk Cu layers. The formation of
large Cu structures up to 1 pm by copper nanoparticle fusing was confirmed from the SEM images.
The change in nanocopper porosity was measured using ImageJ image processing software on the
SEM cross-section images. The sintering process resulted in porosity reduction from 62% for unfused
nanocopper to 28% for nanocopper sintered at 250 °C. Furthermore, a significant increase in nanocop-
per structure dimensions was observed, from 50-100 nm for unfused copper nanoparticles to 1 pm
for sintered nanocopper structures. This effect together with the porosity decrease were correlated
with the measured reduction in nanocopper sheet resistance and nanocopper interconnect contact
resistance.

In conclusion, the wafer bonding experiment demonstrated the successful development and fab-
rication of wafer-to-wafer nanocopper interconnects for 3D integration applications. The sheet and
contact resistance results for fused nanocopper showed very promising results for lowering the process-
ing temperature up to 200 °C, while obtaining comparable resistance values. Furthermore, the very
high shear bond strength values obtained from dies bonded with sintered nanocopper are superior to
many other bonding techniques using solders, eutectic or polymer bonding. The SEM analysis of the
sintered nanocopper structure revealed the formation of large copper structures up to 1 pym through
the nanoparticle sintering process. The bonding of dry nanocopper paste was found to result in poor
adhesion and fusing between the nanocopper and bulk Cu layers. Despite the KOH infiltration and
damage to the CBKR structures leading to large contact resistance values, the successsful fabrica-
tion at 225 °C of electrically conductive nanocopper wafer-to-wafer interconnects was demonstrated.
Therefore, although further research effort is required to optimize the nanocopper sintering process,
the wafer bonding parameters and to find a less destructive etching method for electrical measurement
access, the wafer bonding technique based on nanocopper sintering shows promising results for the
fabrication of low temperature copper 3D interconnects.
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6 General Conclusions and Outlook

The low thermal budget imposed on 3D integration applications due to the damage sustained by
active devices on wafers during high temperature processing is a major challenge for the fabrication of
vertical metallic interconnects through wafer bonding. In this thesis, the design, fabrication and char-
acterization of a low temperature (<250 °C) technique for interconnect patterning and wafer bonding
have been demonstrated. The melting point depression of copper nanoparticles is the main advantage
of using nanocopper for bonding wafers at a low temperature. A novel technique developed within
this research project is the lithographically defined screen printing procedure employed to fabricate
metallic interconnects by patterning the nanocopper layer. The limited information on the properties
of the newly developed nanocopper material, novel screen printing technique with a low maturity and
limited project time frame have made this research work a considerably challenging endeavour. In
order to achieve this, an exploratory research approach was utilized for the current project. There-
fore, the focus was placed on obtaining preliminary results for future optimization of interconnect
patterning and wafer bonding processes based on nanocoppper sintering rather than on an extensive
analysis of the physical phenomena involved. Nevertheless, the project objectives were achieved and
valuable results were obtained and analyzed, with the major achievements being summarized below
within this chapter.

e The fabrication of electrically conductive Al-Al interconnects using wet etching was
demonstrated in section 3.2. The possibility of achieving die-to-die bonding at room tempera-
ture shows promising results for fabrication of vertical metallic interconnects for temperature-
sensitive 3D integration applications. However, substantial additional research is required for
process optimization.

e The successful fabrication of metallic interconnects through nanocopper patterning
down to dimensions of 1-5 pm was achieved and presented in chapter 4. A novel copper pat-
terning approach based on lithographically defined screen printing of nanocopper was proposed
and demonstrated. Patterning challenges were identified and solutions were found to correct
for the observed undesired effects. The implemented process alterations resulted in significant
optimizations of the nanocopper structure patterning quality. Future improvements including
the downscale of patterning resolution to values below 1 pm are expected to be possible based
on the obtained results.

e Low nanocopper-to-bulk Cu specific contact resistaces were obtained, as shown in
section 5.2. The lowest obtained value was 0.227 - pm? for fusing at 210 °C, which is compara-
ble to the values reported in the literature for Cu-Cu bonding at 400 °C. Therefore, a significant
decrease in processing temperature of 200 °C was achieved. Several copper oxide reducing agents
were investigated and formic acid was selected based on its measured ability to result in a 25.6%
reduction in specific contact resistance compared to the reference sample. Although further
investigation is required for an in-depth understand of the underlying effects, the nanocopper-to
bulk Cu contact resistance measurements show promising results for further process optimiza-
tions.

e Very high shear bond strength values were obtained using die-to-die bonding based on
nanocopper sintering, as was presented in subsection 5.6.5. The highest bond strength obtained
was 41.74 MPa by sintering the nanocopper at 300 °C under a pressure of 10 MPa after cop-
per oxide removal by formic acid. This value is significanlty higher than that reported in the
literature for solder, eutectic, anodic and polymer bonding [6]. Furthermore, the bond strength
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value measured on dies bonded with nanocopper sintered at 200 °C, is above 20 MPa, which is
higher than reported values for eutectic (<17 MPa) and solder bonding (<14.6 MPa) performed
at higher temperatures in the 235-363 °C range [477 |.

e The successful fabrication of vertical interconnects through wafer bonding of nanocopper
structures below 250 °C was demonstrated. The nanocopper fusing point was found to be
in the 200-250 °C range, based on the TGA analysis and in-situ fusing experiment measurements.
The formation of large copper structures up to 1 ym and the development of a continuous copper
layer across the bond interface through copper nanoparticle fusing process were observed and
analyzed using SEM imaging of ion milled cavities. Furthermore, a direct relation between the
sintering parameters and nanocopper structure was observed. Applying external pressure and
exposure to fusing temperature results in significantly reduced porosity and larger size of the
fused copper nanoparticles. The measured specific contact resistance of the sintered nanocopper
interconnects was significantly higher than expected. The extra resistance was attributed to the
poor fusing of dry nanocopper to bulk Cu, the damage to CBKR structures during bonding,
KOH infiltration and mechanical damage during electrical measurements. Despite these effects,
the fabrication of electrically conductive nanocopper interconnect through wafer bonding below
250 °C shows very promising results for low temperature 3D integration applications. However,
further research is required for better understanding of the underlying phenomena and process
optimization.

Recommendations for Future Work

e Automatic die pick & place and better control of the applied pressure during die
attach for the wet etch die bond experiment are expected to result in more reproducible results.
Furthermore, the fabrication of CBKR structures using accurate die alignment would enable the
correct measurement of Al-Al contact resistance. The technique could be extended to Cu-Cu
bonding using Cu etching acid solutions and the influence of copper oxide reduction agents on
contact resistance can be investigated. Self-alignment of dies based on surface tension generated
using alternating hydrophobic Si/hydrophilic Cu or Al pads can be considered for future work.

e Automatic screen printing equipment can be utilized to obtain more reproducible pa-
rameters and results. The pressure and squeegee inclination angle can be controlled thus more
accurately. The use of an automatic screen printing machine would also provide the opportunity
to investigate the scientific challenges of expanding the nanocopper screen printing approach to
large scale industrial applications.

e Sub-micron nanocopper patterning can be attempted using thinner resist layers and more
advanced photolithographic equipment capable of higher resolution. The aforementioned ele-
ments are considered to be the limiting factors for achieving nanocopper interconnect patterning
on a sub-micron scale, based on the screen-printing experimental results. The intrinsic nature of
the developed screen-printing method puts a lower limit on the dimensions of the openings in the
photoresist mask, which need to be several times larger than that of the nanoparticles in order
to facilitate the correct filling with nanocopper of the openings and thus ensure the realization
of clearly defined structure patterning. Due to the small coppper nanoparticle dimensions in
the 10-30 nm range, successful patterning of the nanocopper paste is expected to be possible
down to a critical dimension of approximately 100 nm. However, further improvements to the
squeegee blade are required to

e Wafer bonding should be performed before the nanocopper paste begins to dry.
The dry nanocopper layer is not able to fuse to the bulk Cu, resulting in delamination between
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the two layers. In order to prevent this, a new nanocopper formulation should be used which
would dry after a minimum time of 10 minutes, instead of a few seconds, as is the case for the
nanocopper used in the current work. One possibility to achieve this is to develop a nanocop-
per paste based solely on solvents which evaporate in the 80-150 °C range. Furthermore, the
nanocopper should be able to withstand the photoresist lift-off process without drying or being
removed by the NMP solution, which constitutes a challenging research endeavour.

e Better control of fusing conditions is required in order to prevent nanocopper oxidation.
Therefore, an oven with oxygen concentration control below 10 ppm is needed. Copper oxide re-
ducing gases such as forming gas (95% Ny 4+ 5% Hy) or formic acid vapour can be utilized to study
the influence of oxidation prevention on the fused nanocopper contact and sheet resistances. A
programmable temperature ramp-up rate would also enable an extensive investigation of the
fusing temperature profile effect on the mechanical and electrical properties of the nanocopper
interconnects.

e The influence of applied pressure and temperature on the fused nanocopper stuc-
ture size and layer porosity needs to be further investigated. Based on the SEM images of
fused nanocopper cross-sections, the applied pressure significantly increases the fused nanocop-
per structure size and lowers the porosity value. However, cracks in the bulk silicon have been
observed when a force of 7600 N was applied. Therefore, an in-depth analysis of these param-
eters is required to find the optimal pressure and temperature conditions which result in the
lowest nanocopper porosity and minimal damage to the nanocopper interconnect structures and
silicon substrates.

e Bonding of screen-printed nanocopper structures on wafers with Cu through-silicon
vias (TSV) should be investigated. Although the fabrication of Cu TSV presents additional
challenges, this technique avoids the damage inflicted to the nanocopper structures by the top
wafer bulk silicon removal. Therefore, the proposed method offers a more realistic 3D integra-
tion application which enables electrical measurements without damaging the fabricated wafer
stack.

e The reliability of the wafer bond based on nanocopper sintering needs to be characterized
through thermal shock, humidity and mechanical shock tests. The hermetic sealing
ability of the nanocopper material is of particular importance for die bonding applications and
requires further investigation. Furthermore, the influence of nanocopper porosity combined with
exposure to reliability tests on the die shear bond strength should be studied. The aforemen-
tioned tests are required to provide further insight into nanocopper bond degradation effects
and possible process optimizations.
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7 Appendix

7.1 Appendix A: Fusion Bonding

Fusion bonding generally refers to the joining of two mirror-polished semiconductor wafers. This
technique makes use of the principle that such materials form a weak bond at room temperature
when brought into contact. No external force is needed, although some pressure is usually applied to
correct for deviations in wafer flatness. Special wafer treatment is required to ensure that the surface
roughness is low enough and the particle contamination is kept to a minimum. These measures are
crucial to increase the contact area between the two wafers and to avoid interface voids. The weak bond
formed is caused by physical forces such as van der Waal interactions, electrostatic forces and capillary
forces [37]. Although the bond is strong enough to enable safe handling of the bonded pair, further
processing is used to improve it. A high temperature annealing step in an inert gas such as nitrogen
is required to increase the bond strength substantially by converting the physical forces into chemical
bonds. The type of bonds depends on the wafer surface chemistry. Hydrophilic bonding is based on
bonds formed between wafers covered with silicone dioxide (SiOs), while hydrophobic bonding occurs
between two Si wafers without any native oxide layer. Fusion bonding offers the important advantage
of a very high bond strength, but has rather stringent surface flatness and roughness requirements as
well as a high thermal budget.

7.2 Appendix B: Plasma Activated Bonding

Plasma activated bonding is an alternative hydrophilic bonding technique which allows for lower
processing temperatures by means of surface activation. The lower annealing temperatures below 400
°C enable the use of materials with higher mismatch in coefficients of thermal expansion (CTE). A
plasma treatment before bringing the wafers into contact increases the surface energy which depends
on the plasma conditions and the materials to be bonded [56]. This surface activation results in higher
bond strength, enhanced by an increase in the number of silanol (Si-OH) groups, larger viscous flow
of the surface layer, higher diffusivity of water and gases trapped at the wafer interface and by the
removal of contaminating particles [57]. Generally, plasma activated bonding is classified based on
the process pressure into:

e Atmospheric Pressure-Plasma Activated Bonding (AP-PAB)

e Low Pressure-Plasma Activated Bonding (LP-PAB)

The AP-PAB method eliminates the need of a low pressure environment and vacuum generation.
An alternating voltage between two electrodes is used to ignite the plasma gas. The gas mixture used
during surface activation is correlated to the annealing temperature and to the materials used. For
Si wafers, synthetic air (80 vol.% Ny + 20 vol.% O2) and oxygen are generally used, while Ar/Hs
is used for glass and LiTaO3 materials. After surface activation with the plasma gas, the wafers are
pre-bonded at room temperature, followed by a low temperature annealing step up to °C. Very low
roughness and flatness values are required to achieve good quality bonding. Therefore, an additional
chemical-mechanical planarization (CMP) step is employed when using glass wafers [58].

The dielectric barrier discharge (DBD) method uses a dielectric material such as glass placed on
the electrodes to prevent electrical sparks. A grounded carrier acts as the wafer carrier, while an
indium tin oxide (ITO) coated glass is used as the second electrode. The plasma discharge is powered
by a corona generator operating at a frequency of 28.5 Hz [58].

The LP-PAB technique requires a vacuum environment, additional process gases and a high fre-
quency (HF) electrical field generated between two electrodes. The surface activation is achieved by
ion bombardment of the exposed surface and chemical reactions caused by radicals. The most used op-
erating frequency is 13.56 MHz. During the positive voltage, the electrons are free to move toward the
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HF electrode. The work function prevents the electrons from leaving the electrode during the positive
half wave of the applied voltage, leading to a negative bias voltage of up to 1000 V. The massive ions
cannot follow the HF field and move to the negatively charged electrode on which the wafer is located.
The ions striking the surface combined with the action of the radicals results in surface activation [58].

The reactive ion etching (RIE) method, commonly used for dry etching is adapted for surface
activation use by reducing the HF power. The wafer carrier electrode is attached to the HF generator.
The negative charge accumulated on the wafer surface attract the posivie ions in the plasma environ-
ment leading to plasma ignition in the reactor. The most used process gases are nitrogen and oxygen.
A high bond strength is achieved after annealing at 250 °C. The surface activation step results in more
than twice the bond strength of non-activated wafers annealed at the same temperature. Another
LP-PAB method based on remote plasma uses a separate side chamber for plasma generation. The
input process gases travel through this chamber containing the remote plasma source and are injected
into the main process chamber where the reaction takes place. The surface activation is based mostly
on neutral radicals reacting with the wafer surface. The ion bombardment is much less pronounced,
which means the wafer surface is less prone to damage. Another advantage is the longer plasma ex-
posure times than for the RIE method, which makes this technique more flexible. Sequential plasma
activated bonding (SPAB) consists of two steps. First, a RIE plasma is used to activate the wafer
surface. In a separate chamber, radicals are generated using a microwave source and an ion trapping
plate. Then, the wafer is exposed to the chemical reaction of the radicals. Thus, the treatment of the
wafer surface changes from RIE to chemical plasma activation [59].

7.3 Appendix C: Anodic Bonding

Anodic bonding is mainly used to bond glass wafers to silicon or metal. The most common types of
glass used are Schott 8330 and Pyrex 7740, as they are sodium borosilicate glasses and have a CTE
close to that of silicon, which reduces the stress accumulated in the bonded wafer pair. A powerful
electrostatic field is generated which causes mobile sodium ions in the glass wafer to move toward the
bond interface. This is obtained by applying a high DC voltage in the range of 500-1000 V between
the two wafers to be bonded at temperatures between 250-400 °C [60]. The mobility of positive ions
increases with temperature. As the mobile sodium ions (Na™) diffuse, they travel toward the electrode
and a negatively-charged region with oxygen ions (O%7) is generated in the glass wafer close to the in-
terface. No mobile ions diffuse from the silicon wafer, leading to the formation of a positively charged
region in the silicon wafer [61]. The two charged depletion regions attract each other, resulting in a
strong electrostatic field which pulls the two wafers close together within atomic contact [62]. The
process is illustrated in Fig. 65.

The very high electrical field intensity comes as a result of the high voltage drop over depletion
region at the bond interface, which is in the range of a few micrometers. Under the influence of this
strong electrical field, the oxygen ions drift to the bond interface and travel to the silicon wafer where
they react with the silicon, forming silicone dioxide (SiOz). The covalent bonds formed through the
electrochemical reaction generate a strong bond strength between the glass and silicon wafers. Some
pressure is applied to create a good contact between the wafers and to provide a good electrical con-
duction across the two wafers. Typical processing conditions are 200-500 °C for 10-20 min at a DC
voltage of 500-1000 V. The bonding time increases when voltage and temperature are reduced [63].
The siloxane (Si-O-Si) layer formed between the bond surfaces ensures that an irreversible connection
is created between the bonded wafers. Alternatively, if wafers with a SiOs layer are used, the bonding
process is based on the diffusion of H* and OH~ ions instead of Na™ and O?~ [61].

Anodic bonding is less sensitive to surface topography variations than fusion bonding and can
provide relatively high bond strengths in the range of 10-20 MPa. Through the use of an intermediate
glass layer deposited by sputtering, spin-on or vapour deposition, two silicon wafers can also be joined
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Figure 65: Anodic bonding mechanism [62].

using anodic bonding. Typical thicknesses of such layers range from tens of nanometers to a few
micrometers. Solutions based on silica sol and organic silicon containing comppunds like tetraethyl
orthosilicate (TEOS) are mixed with sodium salts. Silica films containing sodium oxide are obtained
after thermal treatment, which can be used for anodic bonding similarly to glass wafers. [64] Recently,
glass-to-glass anodic bonding has attracted interest for applications such as all-glass sealed channels
with integrated metal electrodes. [62] Processing temperatures below 400 °C are possible with anodic
bonding, which are crucial for compatiblity with conventional IC processes. However, the fabrication
of metal-to-metal interconnects is not possible with anodic bonding, since this wafer bonding tech-
nique requires thin films or glass materials containing alkali ions.

7.4 Appendix D: Adhesive Bonding

Adhesive bonding, also known as glue bonding, uses an intermediate layer to provide a connection
between two different substrates. The adhesives can be organic or inorganic, with the polymer Ben-
zocyclobute (BCB) and SU-8 photoresist being the most widely used materials. Adhesive bonding
can be performed within a large temperature range from room temperature to 1000 °C. Since there
is no direct contact between the two wafers, this method can be applied to using various substrate
materials such as silicon, glass or metals. One disadvantage of adhesive bonding is the widening of
small structures during the patterning process, which does not allow for precise dimension control of
the intermediate layer. Furthermore, water and gas molecules have a higher permeability when using
organic intermediate layer, which leads to issues with hermetic encapsulation. The out-gassed prod-
ucts which can cause corrosion problems along with thermal instability are further limiting factors for
the quality of the adhesive bonding process [65].

BCB and SU-8 have recently received great interest due to their light definable property and abil-
ity to produce high aspect ratio (HAR) microstructures such as micro channels and nuzzles. Their
application in wafer bonding relies on the polymerization reaction of organic macromolecules. The
organic molecules known as monomers form long polymer chains during the polymerization step. The
high temperature annealing process provides the necessary energy for the polymerization reaction.
After a subsequent cross-link reaction, a solid layer of polymer is obtained, which provides the actual
bond layer between the substrates [65].
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The adhesive layer can be deposited by spray-on, screen printing, embossing, dispensing or spin-

on. The layer thickness will be a factor of the rotational speed of the tool and the material viscosity,
similar to the coating process of photoresist in standard lithographic processes. The substrate surface
is first cleaned, followed by the application of the intermediate layer. The substrates then contract,
which is followed by the hardening of the adhesive layer. Various processes can be employed for the
hardening of the adhesives such as applying pressure, exposure to UV light or using thermal cycles.
Low temperature bonding is possible by using polymers capable of forming connections between sub-
strates by polymerizing at temperatures below 200 °C. This allows for the integration of electronics,
micro-structures and electrodes on a single wafer [66].
SU-8 is one of the most widely used intermediate layers in adhesive bonding. It is a negative photore-
sist sensitive to UV-light consisting of 3 components: epoxy resin, gamma butyrolactone and triaryl
sulfonium salt. Its polymerization reaction occurs at 100 °C and the material is stable up to 150 °C.
It offers many advantages such as excelent mechanical, electrical and fluidic properties, high chemical
resistance, high thermal stability and high cross-linking density. Layer thicknesses in the range from
1 pm to 500 pm can be obtained by varying its viscosity using solvents, with thicker layers up to 1
mm being possible using multilayer coating. During UV-light exposure, lewis acid is released by the
photoinitiator triaylium-sulfonium. The lewis acid acts as a catalyst for the polymerization reaction.
During the post exposure bake (PEB) step, the activation of the molecule connections occurs. In order
to obtain a proper bond quality, good control of process conditions such as the surface wettability
and topography is required [67]. A cross-section of two silicon wafers bonded using SU-8 is shown in
Fig. 66 [66].

Pressure in the range of 1.5-4.5 bar is applied to ensure that the intermediate layer is in contact
with both substrates. This is required to provide a good quality bond without interface voids. Suc-
cessful adhesive bonding results based on SU-8 have been reported with bond strength values within
the 18-25 MPa range based on shear test measurements [67].

#9081 TUC/ZFHM/He

Figure 66: Cross-section SEM image of SU-8 bonded wafers. [66]

BCB is a hydrocarbon widely used as an intermediate layer in adhesive bonding. Several ver-
sions of BCB are available, depending on the processing requirements. Photosensitive BCB can be
patterned using UV-light lithography in a similar manner to SU-8, while dry etch BCB patterning
is performed via a photoresist mask on the BCB layer. The polymerization reaction of BCB occurs
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withing the 250-300 °C range and the material is stable up to 350 °C. BCB offers many advantages for
bonding applications such as good chemical resistance to solvents, alkalines and acids, low dielectric
constant and dielectric loss, absence of interface voids and 90% transparency to visible light. The last
property makes BCB an ideal candidate for optical MEMS devices fabrication. However, adhesive
bonding with BCB cannot produce hermetically sealed encapsulation for MEMS cavities applications
[68].

The processing of the dry etch BCB layer starts with a cleaning step of the wafer substrates using
oxygen plasma or wet etching in a sulphuric acid solution. In order to improve the bond strength, an
adhesion promoter is next deposited on the surface of the substrate by spin-coating, contact printing
or spray-coating in the case of free standing structures. This is followed by the BCB layer deposition
via spin-coating which can achieve a thickness from 1 to 50 nm by varying the rotational speed and
material viscosity. The subsequent soft cure bake step (<300 °C) avoids creating a difference in the
bond strength between the patterned and unpatterned layers caused by the polymer cross-linking
reaction. Furthermore, the soft cure bake helps to reduce the formation of bubbles and lowers the
distortion of the BCB layer while being compressed. If the polymerization reaction is insuficient,
the layer will not provide the necessary adhesion to the substrate to achieve good quality bonding.
If the polymerization level is too high, the adhesive layer lacks sufficient robustness to survive the
patterning step. A good compromise is for the degree of polymerization to not exceed 50%. This is
followed by resist spin-on and patterning using lithography. The patterned resist is used as a dry-etch
mask to transfer the pattern to the BCB layer. After removing the resist layer, the wafers are ready
for bonding. This is achieved by bringing the substrated into contact and applying pressure while
heating them under a controlled atmosphere or vacuum. This is known as the hard cure of the BCB,
performed within a temperature range of 180-320 °C for 30 min to 240 min, depending on the recquired
layer properties. During this annealing step, the out-gassing of residual solvents is a major challenge.
A vacuum environment can be utilized to remove the residual gases. Furthermore, the shrinking of
the BCB layer can result in cracks, which prevent using this method for hermetic sealing of MEMS
cavities [69]. An example of such crack formation in a BCB layer is depicted in Fig. 67 [70].
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Figure 67: SEM image of 5 pm thick BCB layer covered with 0.5 nm Ti and 4.2 pm Au. Cracks in
the metal seal causing leakage are emphasized [70].

7.5 Appendix E: Glass Frit Bonding

Glass frit bonding is a wafer bonding method based on an intermediate glass layer. It is also known as
seal glass bonding or glass soldering. This technique relies on the decreasing viscosity of low melting
glass with temperature to realize hermetic sealing between substrates. The effects of surface roughness
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and particle contamination can be compensated by the viscous flow of the glass layer. This feature
enables the realization of good quality bonding between substrates with high surface topography lev-
els. Furthermore, using glass frit bonding leads to low stress level in the bonded wafers due to the low
CTE mismatch of silicon and glass materials. This method can also be employed to bond materials
such as silicon nitride, silicon oxide, glass or metals like titanium, copper or aluminium, provided that
their CTE mismatch is low enough [71, 72].

The procedure starts with the deposition of the glass frit layer on the substrate. This can be done
using spin coating or screen printing for layer thicknesses in the range of 5-30 pm. The glass frit
material is a paste containing glass powder, inorganic fillers, solvents and organic binder. Milling is
employed to fabricate a glass powder with grain size below 15 pm. The printable paste is produced by
mixing the glass powder with the organic binder. Several properties of the melted glass paste (such as
the CTE) can be altered by adding inorganic fillers to the mixture. Lead oxide can be added to lower
the glass transition temperature under 400 °C. However, the reduction of lead oxide by the silicon
can result in the formation of lead precipitations at the silicon-glass interface, which can give rise to
reliability issues. Glass frit pastes such as the FX-11-0366 from Ferro are commonly used, as they
have good screen printing and bonding characteristics. An SEM image of two silicon wafers bonded
using this paste is presented in Fig. 69 [72].

Figure 68: SEM image of glass structure at interface with silicon [72].

One of the main advantages of glass frit bonding is using the wetting effect to bond substrates
with high surface topography. This has many applications, as the wafer surfaces have often a high
roughness caused by previous deposition or plasma etching steps. Screen printing offers the advantage
of selective bonding. This means that the glass layer is only deposited in areas where bonding is
required. This is important for applications with microsystems containing moveable parts which have
areas where bonding is not allowed. One important disadvantage of glass frit bonding is the possibillity
of material flowing into structures which should be protected, such as moveable mechanical strucures,
leading to them becoming blocked. Issues with screen printing and outgassing during bonding can
lead to such blocking problems. Therefore, careful optimization and good control of screen printing
and bonding processes are required for obtaining good results using glass frit bonding [72].

The main steps of glass frit bonding are the deposition of the paste using screen printing, the
conditioning of the paste and the actual bonding. Structuring of the glass paste material and in-situ
deposition are performed during the screen printing step. This method has the advantage of paste
deposition on substrates with high surface topography such as cap wafers containing high steps or
holes. No photolithographic steps are required, with feature sizes in the range of 100-200 pm being
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possible to manufacture. During the thermal conditioning step, the paste is heated to an intermediate
temperature, which is not high enough for the glass to melt. This is required for the outgassing of
the organic additives. This is followed by the pre-melt step when the paste reaches the process tem-
perature and fully melts, forming a compact glass layer without any gas inclusions. After the melting
of the inorganic fillers, the glass layer properties stabilize and remain fixed. Aligned wafer bonding is
performed using commercial equipment by applying pressure to the substrates, heating them to the
process temperaure and cooling down. Clamping of the bond fixture is used to ensure good alignment
accuracy [72].

The process temperature needs to be high enough to reduce the viscosity of the glass material to a
value which enables the wetting of the substrate. This is essential in order to bring the glass and wafer
surface into good contact, which leads to the formation of a very thin glass mixture at their interface.
This is caused by atomic wafer surface layers being solved in the glass material. The formation of the
thin layer provides a strong bond between the wafer and glass material. An SEM image showing the
glass structure at this interface is presented in Fig. 69 [72].
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Figure 69: SEM image glass structure at interface to silicon [72].

7.6 Appendix F: Reactive Bonding

Reactive bonding is an intermediate wafer bonding technique which relies on using highly reactive
multilayer films placed between the substrates. The multilayer system contains alternating metal lay-
ers of two different materials. The required energy for bonding is provided by the exothermic reaction
occuring inside the multilayer system. An energy pulse using temperature, laser pulse or electrical
spark is used to ignite the self-propagating reaction. The resulting heat bonds the solder layers encom-
passing the multilayer system. One important advantage of this technique it the limited temperature
exposure to the substrate, which makes is applicable to bonding materials with large CTE mismatch
such as metals, ceramics and polymers, as well as materials sensitive to thermal damage. However,
reactive bonding cannot be used in the case of bond frame dimensions lower than several tens of
micrometers. This is caused by the limited structuring and handling of the multilayer foils at such a
small scale [73, 74].

One of the most commonly employed materials are alternating horizontal or vertical nano scale
layers of Al/Ti, Ti/a-Si or Ni/Al. The metal layer thickness can range from 1 pm to 30 pm. The
alternating metal films, known as the bilayer, contain a reactive and a low melting component which
provide the necessary heat during their exothermic reaction. The velocity of the reaction decreases
with increasing layer thickness, while the produced heat increases. A trade-off between the reaction
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velocity and amount of heat exists and the correct balance requires a careful control of the bilayer
thickness. Commercially available Ni/Al materials such as NanoFoil are widely spread for reactive
bonding applications. A TEM image of the bilayer structure of this material is presented in Fig. 70 [73].

00 am -

e

Figure 70: TEM image of reactive Ni/Al film (dark: Ni; bright: Al). [73]

The processing of freestanding foils faces many challenges regarding patterning, handling and po-
sitioning. Therefore, deposition on the wafer substrate is widely used for horizontal multilayer films.
Several deposition methods are employed, including electroplating, etching and magnetron sputter-
ing. A gold solder layer is first deposited on the wafer using physical vapour deposition (PVD), which
provides good wetting of the solder. Cooling the substrate during the PVD process is required to
minimize the material intermixing, which can adversely affect the exothermic reaction. The next step
is depositing the multilayer system using magnetron sputerring. Up to thousands of thin films can
be deposited in an alternate order using this technique. Alternative deposition methods include elec-
troplating or electrochemical deposition (ECD). The first approach is based on alternating deposition
using two different baths. The second approach requires a single bath based on an electrolyte which
contains both film materials. This method offers the advantage of pattern plating, avoids the complex
etching process and reduces time and complexity requirements. In the case of vertical structures, a
two-step approach is employed. Dry etching of the silicon substrate is used to fabricate needles. Next,
the second material is deposited on the needles by sputtering. By avoiding the deposition of thousands
of single layers, this method results in significantly process time and complexity reduction.[74].

The bonding procedure based on nanoscale multilayer systems to achieve reactive bonding is illus-
trated in Fig. 71 [73].

Positioning Reaction and Bonding Bondinterface
Pressure
4 4 1
Ignition Component A
— Solder
—————
— — — Reacted
Ee=——— e Foil
[———— ] Re:active Exothermic Molten
Foil Reaction Component B Solder
Component B Wetting Layer

Pressure

Figure 71: Principle of reactive bonding using reactive multilayer foils [73].
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After positioning the two substrates, the exothermic reaction is ignited from an external source.
The resulting self-propagating reaction relied on the reduction of chemical energy in the metal bi-
layers. A low layer thickness reduces the diffusion path, promoting the exothermic reaction. As the
reaction progresses, an intermetallic compound is produced caused by atomic diffusion of the two
metal films. The intermixing process generates heat which propagates the reaction to the adjoining
layers, spreading through the multilayer system within a few miliseconds. The resulting heat leads to
a high temperature of the bond interface, while the substrates are not exposed to significant thermal
damage. The internal heat causes the solder layers to melt, forming a bond with both the substrates
and multilayer system using diffusion. A mechanical pressure is applied to the substrates during
bonding to increase the wetting of the substrate and improve the solder flow [73, 74].

Reactive bonding finds many applications for hermetic sealing and die attachements in MEMS
device manufacturing. The distinctive advantage of this wafer bonding method is the localized tem-
perature generated at the bond interface. This feature enables its use in microsystem technology to
bond materials which are temperature-sensitive or have high CTE mismatch. For example, reactive
bonding of a stainless steel membrane to a strain gauge fabricated out of quartz was successfully
demonstrated using Ni/Al NanoFoils. Strong bond strength values were confirmed by tensile tests.
However, some challenges with this bonding technique remain. Restrictions on the patterning level
and compatibility problems limit the application of reactive bonding beyond die attachement level [73].

7.7 Appendix G: Surface Interactions

When two solids are brought into close proximity, various interaction occur between their surfaces.
The types of interactions which dominate depend on many factors such as the environmental con-
ditions (liquids, vacuum, gases). In the case of direct bonding of semiconductor wafers, three types
of forces are relevant: (1) van der Waals attraction forces, (2) electrostatic Coulombic forces and (3)
cappillary. These forces are presented schematically in Fig. 72 [37].

Van der Waals interactions are caused by atomic and molecular dipoles which attract one another
according to their orientations. There are three types of van der Waals forces:

e The dipol-dipole force, which occurs between two polar molecules.
e The dipole-induced force, present between a polar and nonpolar molecule.

e The dispersion force, which arises between two nonpolar molecules. It results from the temporary
dipole moment caused by charge distribution variations [75, 76].

The range of van der Waals forces depends on the scale used. On the atomic scale, they are
considered long-ranged interactions, while on the macroscopic scale, they are regarded as short-ranged
forces. This is based on their rapidly diminishing value F, with the distance between molecules d,
given by Eq. 10 [75].

F,ocd™” (10)

A first order approximation of the force acting between two flat plates can ne obtained through
pair-wise summation of the interatomic forces present between every pair of atoms. In this case, the
surface force F;, has a significantly longer range and decreases with the inverse of the second or third
power of the surface separation d depending on the body geometry. The van der Waals dispersion
force per unit area present between two flat plates, such as wafer surfaces, is given by Eq. 11, where
A is the Hamaker constant, which is a function of temperature and the refractive indices of the two
solids and their separating medium [76].
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van der Waals forces Capillary forces Electrostatic forces

Figure 72: Schematic of interaction types between solids [37].

A
F, = o (11)

If we consider two wafer surfaces separated by distance dy, which represents the lattice spacing of
a crystalline material such as silicon, the equilibrium crack interface is illustrated in Fig. 73 [37].
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Figure 73: Schematic of a crack interface between two wafer surfaces in close proximity [37].

By ignoring the curvature of the surface, the van der Waals specific interaction energy W, can be
calculated based on the expression for the surface force in Eq. 11, with the result given by Eq. 12.

4 A
- __ 4 12
W /do 6rd = Tond? (12)

A particularly interesting case is the dipole-dipole attraction in hydrogen bonding. The hydrogen
atom in the polar molecule can interact with an electronegative atom present in the same molecule or
in an adjacent one. H-F, H-N and H-O bonds are known to be strongly polarized, resulting in a partial
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positive charge of the hydrogen atom. This gives it a strong affinity for nonbonding electrons. Based
on this effect, the hydrogen atom is able to form intermolecular attachements with electronegative
atoms such as fluorine, nitrogen, or oxygen. A thin layer of water is ofter present on wafer surfaces.
Since water is a polarized molecule, hydrogen bonding can form between the molecules in the water
layer. The linkage of water molecules is thus able to bridge interacting atoms or molecules on the two
surfaces, resulting in a long-ranged intermolecular force [77].

Electrostatic (Coulombic) forces occur between surfaces which were macroscpically charged by
adsorbing or desorbing electrons or ions. These forces are generally dominant in the case of electrically
charges surfaces. However, the presence of water or water vapour can partly compensate the effects
of surface charging. Ionic materials consist of oppositely charges ions which are chemically bonded.
When these bonds are broken by cleaving an ionic material, ions with opposite charges can remain
attached to either surface. Since these ions are randomly distributed with an equal charge density o,
the surfaces have no macroscopic charge. However, on the microscopic level, an electrostatic attraction
occurs between opposing surfaces with charge domains of linear dimension [. The expression for the
force per unit area F; is given in Eq. 13, where d is the wafer separation, ¢ is the dielectric constant
of the intermediate medium and ¢ is the permitivity of free space [78].

F;, = ﬁexp <— ﬂﬂ.d) (13)

m2egg l

Vapours present on the surfaces can play an important role in electrostatic interactions. Such
vapours are often terminated by adsorbates which determine the surface interactions. Furthermore,
condensation of water vapour in a surface gap can result in screening of the Coulombic interaction [37].

Charge transfer between two dissimilar surfaces occurs when they are placed in good microscopic
contact due to Fermi level effects, as they tend to achieve chemical equilibrium. This results in a
strong electrostatic attraction between the surfaces with values of 10 MPa over several micrometers
at relative humidity levels less than 5% [78].

In the case of two bodies places in a polar liquid such as aqueous electrolyte solution or water,
charge accumulates on the surfaces until chemical equilibrium with the contacting solution is reached
as ions of opposite charge are attracted to the two surfaces. An ”electrical double layer” consisting of
surface charge and the layer of opposite charge is thus formed, its thickness being a function of the
ion concentrations in the solution. Similar bodies will experience a repulsive force, since they have
the same charge. However, the magnitude of the forces is lower than in the case of direct electrostatic
forces. This is due to a screening effect caused by the counteracting ions. The net force acting on
surfaces in a polar liquid is a combination of the attractive van der Waals force and the repulsive
electrostatic double layer force [37, 79].

The potential energy F is illustrated in Fig. 74 [37] as a function of surface separation between flat
surfaces placed in a polar liquid. The double-layer potential has a exponentially decreasing behaviour
as the surface separation d increases, being repulsive and having a positive value. The van der Waals
potential energy F, has a negative value and is inversely proportional to the surface separation d,
according to Eq. 12. The net potential energy is obtained as the sum of the aforementioned energies
and has a primary minimum where the two surface are in contact. A secondary energy minimum can
occur due to high ion concentration in the solution which leads to very rapid decay of the double layer
potential, resulting in high van der Waals force values outside the range of the repulsive forces. This
secondary minimum corresponds to the separation value where the adhesion is weaker and therefore
the contact is reversible [37, 79].

Capillary forces occur when a (condensed) liquid fills a narrow gap between two surfaces. The
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Figure 74: (a) Dotted line: Interaction potential energy as a function of surface separation distance
and (b) Solid line: The interaction forces, as derivative of the potential energy [37].

conditions are that the contact angle of the liquid must be less than 90°and the surface separation
should be smaller than the critical distance. Under these conditions, an attractive capillary force
arises between the two surfaces. The critical distance is a function of the curvature radius of the
liquid. A Laplace pressure prq, is introduces by the curvature 1/r of the cylindrical meniscus of the
liquid, according to Eq. 14, where « is the surface tension of the liquid [37].

o
PLap = (14)

r

In order to have an attractive force between the two surfaces, the Laplace pressure needs to be
negative, which requires the meniscus to be concave. This leads to a maximum value of the surface
separation known as the critical distance d,,, below which a liquid bridge can form between the two
materials. This distance is a function of surface separation at contact dy and the contact angles 6
and A, made by the liquid meniscus with the two surfaces. The espression for the critical distance in
given by Eq. 15 [37].

dpm, = 1(cos 01 + cos 02) + dj (15)

In the case of two flat surfaces such as those of semiconductor wafers with a contact area A, the
capillary force can be expressed based on Eq. 14 as Aa/r. The capillary force for an equilibrium crack
caused by an asperity between such surfaces gives rise to an interaction energy W, which can be cal-

culated as the work needed to separate the two surfaces against the Laplace pressure. Its expression
is given by Eq. 16 [78].

dTrL
W, = Prap dx (16)
do

The interaction energy can be expressed using Eq. 14 and Eq. 15 as given by Eq. 17 [37].
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W, = a(cos 01 + cos 65) (17)

For typical small contact angles of 5°, flat silicon dioxide wafers with a thin water layer present
on their surfaces experience an interaction energy of maximum 144 mJ/m2. Most often, the wafers
have a certain nonzero roughness, with asperities present on their surface . Without applying exter-
nal pressure, the two surfaces are in contact only over isolated areas determined by such asperities.
The liquid meniscus results in significant contact area increase, causing an important rise in adhesion
between the two wafers [37].

Short-range forces become important for surfaces separated by very short distances in the range
of 1-2 A. When atoms are in such close proximity, the overlap of their electron clouds results in the
formation of strong covalent and metallic bonds. Bonding under ultra high vacuum of wafers with
very low surface roughness while applying external pressure to correct for flatness deviations is based
on such short-range interactions [80].
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