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ABSTRACT 

Sequentially plasma activated bonding (SP AB) of silicon wafers has been 

investigated to facilitate chemical free, room temperature and spontaneous bonding 

required for integration of nanostructure on the wafer scale. The SP AB consists of 

surface activation using reactive ion etching (RIE) plasma followed by microwave (MW) 

radicals. The drop shape analysis and atomic force microscopy (AFM) results show that 

O2 RIE plasma is the most efficient in removing surface contaminations while keeping 

smooth surfaces. On the other hand, MW N2 radicals offer highly reactive, smooth and 

hydrophilic surfaces. These highly reactive, smooth and hydrophilic surfaces allow strong 

and spontaneous bonding of silicon/silicon at room temperature. Electrical characteristics 

show that the current transportation across the nano-bonded interface is dependent on 

plasma parameters. The infrared images show that plasma induced voids' nucleation at 

the bonded interface is dominated by O2 RIE power over O2 RIE activation time. The 

bonding strength achieved at room temperature in SP AB is about 30 times higher than 

that in hydrophilic bonding. 

In order to explore the reliability of SP AB at high temperature, the bonded wafers 

are annealed from 200 to 900°C. The thermal induced voids' nucleation occurred 

preferentially at the plasma induced defect sites. The nucleation of void density is 

quantitatively determined and explained using high resolution transmission electron 

microscopy (HRTEM) observations. The electron energy loss spectroscopy results reveal 

the existence of silicon dioxide at the bonded interface. The reduction in bonding strength 
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after annealing at high temperature is correlated to the increase in void density. The 

plasma induced defect sites such as nanopores and craters are identified using an AFM. 

The porous surface allows easy removal of interfacial water and spontaneous covalent 

bonding at room temperature. The HR TEM results confirm nanometer scale bonding 

which is needed for the integration of nanostructures. Based on the results, a bonding 

mechanism of SP AB is presented. 

In order to expand the applicability of SP AB for diverse materials, a novel hybrid 

plasma bonding (HPB) process is developed to achieve void-free and strong silicon/glass 

and germanium/glass bonding at low temperature. The HPB combines sequential plasma 

activation with anodic bonding process. Void-free interface with high bonding strength is 

observed both for silicon/glass and germanium/glass at 200oe. The bonding strength of 

the silicon/glass and germanium/glass in the HPB at 2000 e is 30 MPa and 9.1 MPa, 

respectively. The improved characteristic behavior of the interface in the HPB is 

attributed to higher hydrophilicity and smooth surfaces of silicon, glass and germanium 

after sequential plasma activation and high electrostatic force associated with anodic 

bonding. Based on the results, a bonding mechanism ofHPB is discussed. 

The chemical free strong bonding of silicon/silicon in SP AB at room temperature 

and void-free strong bonding of silicon/glass and germanium/glass in HPB at low 

temperature can be applied in spontaneous integration of nanostructures on the wafer 

scale. 
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CHAPTER 1. INTRODUCTION 

1.1 Wafer Direct Bonding 

Wafer direct bonding refers to the process of joining clean and mirror-polished 

smooth surfaces without any adhesives or intermediate layers. The adhesion between the 

wafers is due to the short-range intermolecular and interatomic attractive forces, such as 

van der Waals forces and forces associated with hydrogen bonds [1]. Since, these bonds 

are not strong; often the bonded pair requires annealing at elevated temperature as high as 

fusion temperature of silicon wafer [2]. Therefore, wafer direct bonding is also known as 

"wafer bonding" or "wafer fusion bonding". In principle, all materials, regardless of their 

physical, structural or chemical properties, should be bonded once contacted as long as 

they satisfy surface requirements, i.e., surface roughness, flatness, and cleanliness. The 

typical range of the bonding energy is 10-100 mJ/m2
• Such low bonding energy 

transforms into strong bonding (typical bonding energy ~ 1000 mJ/m2
) depending on the 

surface and interface properties of mating wafer pair [2]. 

The wafer bonding phenomenon was first hypothetically explained by G. Galilei 

in1 i h century in the investigation of adhesion of solids with plane surfaces [3]. He 

explained that strong adherence would appear only between smooth surfaces due to 

vacuum across the interface, which would appear if one tries to separate them. In 1936, 

L. Rayleigh first demonstrated the adherence between glass slides through systematic 

investigation [4]. In 1969, Wallis and Pomerantz reported anodic bonding process for 

bonding metals or semiconductors with glass or other insulators which are conductive 
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(due to mobile ions i.e., Na+) at temperatures used for bonding [5-6]. Since, the mobile 

ions are not compatible with microelectronic devices; the widespread application of 

anodic bonding process was restricted. The wafer bonding phenomenon has drawn little 

interest until mid-eighties when wafer bonding was fust implemented as the substitute 

process for thick epitaxial layer growth of single crystalline silicon on silicon [7], and 

was applied for III-V compound semiconductors [8-9]. In 1986, IBM presented direct 

bonding of silicon wafers for the fabrication of silicon-on-insulator (Sal) substrate [10]. 

Since then, wafer bonding has found tremendous applications in the fabrication of Sal 

substrates for very large scale integration (VLS1), micro/nano-electro-mechanical 

systems (MINEMS) [11] and III-V compound semiconductor based photonic and 

optoelectronic devices [12]. The applications of wafer bonding are briefly described in 

the following sections. 

1.1.1 Applications of Wafer Direct Bonding 

Wafer direct bonding offers the flexibility to bond diverse materials regardless of 

crystallinity, crystal orientation, lattice parameters, doping profile, doping type and wafer 

thickness [13]. This flexibility of wafer bonding has opened up opportunities for 

advanced micro/nano-electronics, low cost and high throughput packaging of MlNEMS 

and in photonics and optoelectronics as discussed in the following sections. 
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Wafer Direct Bonding in Advanced MicrolNano-Electronics 

The mainstream application of wafer direct bonding is in the fabrication of SOl 

substrate for advanced, high performance complementary metal oxide semiconductor 

-j (CMOS) based electronic devices [14]. The Sal substrate consists of a thin (>10 nm) 

silicon device layer on top of a dielectric silicon dioxide (Si02) layer (50 nm-lJLm). The 

Si02 layer separates the active silicon device layer from the bulk mechanical support 

wafer which is typically silicon. The advantage of Sal substrate is that, transistors 

fabricated on Sal substrate have smaller parasitic capacitance and smaller source/drain 

leakage than transistors fabricated on bulk substrate [2]. Thus Sal substrate offers the 

fabrication of low-voltage, low-power and high-speed VLSI devices. Further, in case of 

SOl substrate, the buried Si02 layer isolates the top silicon device layer from the 

radiation damage in the bulk substrates (caused by high energy a-particles generated 

from radioactive packaging materials). Hence, advanced radiation-hard CMOS devices 

can be fabricated using Sal structures [15]. 

The speed, density and functionality of the CMOS devices can further be 

improved by bonding silicon device layer in a three dimensional (3D) fashion and 

connecting those using through-silicon-vias (TSVs) [16]. This 3D integration of silicon 

devices significantly reduces metal interconnection length and hence alleviates resistive

capacitive (RC) delay problem and excessive power consumption problem in the metal 

interconnects. Therefore, wafer bonding allows fabrication of high performance (i.e., 

high speed, low power consumption, small form factor) 3D integrated circuits (IC) for 

future semiconductor industry. 
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Wafer Direct Bonding in MINEMS Packaging 

Packaging refers to the process of device encapsulation and electrical 

interconnection. Packaging cost of MlNEMS contributes up to 90% of the total device 
i 

-j cost [17]. Wafer direct bonding offers a cost-effective solution for MlNEMS packaging, 

which is indispensable for practical device fabrication. The MlNEMS often contain 

delicate structures, moving parts, sensitive surfaces (in case of sensors), which need to be 

protected from outside world. Often MlNEMS devices require vacuum sealed cavities for 

proper operation. Further, typical packaging and assembly tools such as dicing, soldering 

etc. are not usually compatible with delicate micro/nano-structures [17]. To protect 

MINEMS, a lid wafer is directly bonded with the wafer that contains MlNEMS [18]. This 

process which involves packaging wafers before dicing is called wafer level packaging 

(WLP) [17-18]. The WLP avoids packaging costs of defective devices and protects 

delicate structures. Thus WLP using wafer bonding allows fabrication of complex 

micro/nano-systems, such as smart sensors and actuators. Vacuum sealed micro/nano-

cavities and 3D complex structures can easily be realized by wafer bonding [19]. 

Various bonding methods have been proposed for WLP, such as glass frit sealing, 

anodic bonding, eutectic bonding and thermo-compression bonding [18]. However, these 

bonding techniques require high temperature and external pressure to achieve reliable 

bonding. This high temperature bonding process is not desirable for temperature sensitive 

materials and delicate MlNEMS structures [17]. Therefore, a low temperature bonding 

technique is needed for practical applications. 
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Wafer Direct Bonding in Photonics and Optoelectronics 

Wafer direct bonding has also found significant interest in photonics and 

optoelectronics because of its potential to bond dissimilar materials [20]. The III-V 

~ compound semiconductors are the dominant materials for photo-emission, photo-
I 

detection, optical amplification, and other photonic applications. The integration of III -V 

compound semiconductor with silicon brings the functionality of photonic and 

optoelectronic integrated circuits together. Usually, the III-V semiconductors are 

integrated with silicon through hetero-epitaxial growth [21]. However, hetero-epitaxial 

growth leads to large number of misfit and threading dislocations in the deposited film 

caused by lattice mismatch between film and substrate. Also high temperature (~700-

900°C) epitaxial growth is not compatible with microelectronics. To circumvent these 

issues, low temperature wafer direct bonding is highly desirable [22]. Successful bonding 

of GaAs/Si, InP/Si, InP/GaP for lasers, detectors and waveguides have been reported [2-

13]. Low-threshold, long wavelength GaAs vertical cavity surface emitting laser structure 

has been integrated on silicon using wafer bonding process [23]. 

Further, the SOl substrate has gained interest for photonic applications because of 

large difference in refractive index of silicon (n=3.45) and Si02 (n=1.46) layer. This large 

refractive index difference allows fabrication of waveguide for light wave confinement 

and transmission using pattered SOl structure [24]. Thus SOl waveguide can be used as 

optical interconnects between electronic devices. The optical interconnects can address 

the challenges of metal interconnects, such as RC delay, high power consumption and 

cross-talk due to interference between close metal lines. 

5 
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1.1.2 Bonding Fundamentals 

The wafer surface properties control the quality of the direct bonded interface. 

The pre-requisites for wafer direct bonding are the surface cleanliness, flatness and 

smoothness, and surface activation. The following sections discuss in detail on these 

surface pre-requisites for wafer direct bonding. 

Cleanliness 

The direct bonding of wafers poses stringent requirements on the surface 

cleanliness. For spontaneous direct bonding, the wafer surfaces have to be free from 

contaminations, such as particles, organic and ionic residues. The presence of particle on 

the wafer surface results in unbonded regions or voids across the interface. Figure 1.1 

schematically shows a particle of radius h at the bonded interface results in an unbonded 

area of radius (R). Assuming the particle as uncompressible, the radius of the unbonded 

area can be determined from the theory of small elastic deflections of a thin plate as [13]: 

~ 
+~ tW21~ R~ 

{a} 

Figure 1.1: Schematic of a particle of height 2h leads to a void of radius R [13]. 
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1.1.2 Bonding Fundamentals 

The wafer surface properties control the quality of the direct bonded interface. 

The pre-requisites for wafer direct bonding are the surface cleanliness, flatness and 

-1 
! smoothness, and surface activation. The following sections discuss in detail on these 

surface pre-requisites for wafer direct bonding. 

Cleanliness 

The direct bonding of wafers poses stringent requirements on the surface 

cleanliness. For spontaneous direct bonding, the wafer surfaces have to be free from 

contaminations, such as particles, organic and ionic residues. The presence of particle on 

the wafer surface results in unbonded regions or voids across the interface. Figure 1.1 

schematically shows a particle of radius h at the bonded interface results in an unbonded 

area of radius (R). Assuming the particle as uncompressib1e, the radius of the unbonded 

area can be determined from the theory of small elastic deflections of a thin plate as [13]: 

R = [~. E' t~ ],Y;; hX ................................. (1.1) 
3 r 

~--- ----
(a) 

Figure 1.1: Schematic of a particle of height 2h leads to a void of radius R [13]. 
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where, y is the surface energy of each wafer, E'= E/ 2' E and v are the Young's 
/(l-v) 

modulus and the Poisson ratio of the wafers, respectively. For (100) oriented silicon, 

v=0.29, the equation 1.1 can be rewritten as, 

(1.2) 

Equation 1.2 implies that a particle of about 1 ""m diameter leads to an unbonded 

area with a diameter of 0.5 cm (5,000 times bigger than the particle diameter) for typical 

4-in diameter 525 ""m thick silicon wafers. Note that, the unbonded area is a strong 

function of wafer thickness. To alleviate this unbonded area caused by particulates, wafer 

bonding has to be performed in a clean room ambient. 

Organic contamination results in weak bonding strength and nucleation of 

interfacial voids. Usually, particulates and organic contaminations can be removed by 

RCA (Radio Corporation of America) wet chemical cleaning process [13]. First, the 

wafers are rinsed in RCA1 solution (NH40H:HzOz:HzO=1: 1 :5) followed by a deionized 

(DI) water rinse. Then the wafers are rinsed in RCA2 solution (HCL:HzOz:HzO=1:1:5) 

followed by a DI water rinse. Finally, the wafers are blown dry with nitrogen gas. This 

cleaning process leads to the termination of the surface with silanol groups (Si-OH). This 

surface is easy to wet with water and hence termed as hydrophilic surface [13]. 

The metallic contaminations (e.g., metal ions from tweezers or containers) 

typically do not prevent initial wafer bonding or interfacial void formation. Hence, they 

do not play important role in many applications. However, metal ions can change the 

electronic properties of semiconductor devices [2]. 
7 
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Flatness and Smoothness 

The flatness of a wafer is defined as the deviation of the surface from a flat 

reference plane [1]. It is usually expressed in terms of total thickness variation (TTV). 

-1 The TTV can be determined by the difference between the highest and lowest point on 
i 

the wafer surface. On the other hand, smoothness refers to the local microscopic 

topological variation. This is frequently expressed in terms of root mean square (RMS) 

roughness of the surface. Two sufficiently smooth wafer surfaces bond spontaneously at 

room temperature despite of a small flatness variation across the wafer. During bonding 

at room temperature, the wafers elastically deform to achieve conformity [1]. However, if 

the flatness variation is very high, the wafers do not bond. 

The condition, under which a gap closes or remains open during wafer bonding, 

has been theoretically investigated in [13]. The condition depends on the ratio of lateral 

extension (R) to the wafer thickness two In the mathematical description, two gap 

conditions have been considered with respect to the wafer thickness, as schematically 

shown in figure 1.2. 

Case 1: R > 2tw. the gap will close if 

R2 
h < -;====, which depends on wafer thickness 

2 E't3 
_. __ IV 

3 r 

Case 2: I?. < 2tw, the gap will close if 

h < 3.5(Rr)~, which is independent on wafer thickness 
E' 
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Figure 1.2: Schematic of gaps between wafers for the case of (a) R > 2tw , (b) R < 2tw, 

and (c) the regions of gap closing or not closing for two silicon wafers with various 

values of thickness tw [1]. 

Figure 1.2 ( c) shows the regions of gap closing or not closing for two silicon 

wafers of various thickness two In practice, the commercially available 4-in silicon wafer 

has a flatness variation of 1-3 Jlm. Flatness variation in this order can be easily 

accommodated by mutual elastic deformation of the wafers [13]. In addition, wafer bow 

and warpage up to about 25 Jlm do not pose obstacles to wafer bonding (for 4 inch 
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wafers). On the other hand, experimental results show that two silicon surfaces with RMS 

roughness less than 0.5 nm can easily be bonded at room temperature via hydrogen bonds 

[13]. 

Surface Activation 

One of the innovative techniques to improve the surface adhesion through 

cleaning the surface while maintaining its flatness and smoothness is the surface 

activation. Surface activation refers to a chemical and/or plasma cleaning process of the 

wafer surfaces to remove native oxides and contaminations. This process allows 

achieving maximum bonding energy [2]. The surfaces covered with native oxides are 

usually cleaned with HN03/HF solutions prior to bonding. The wafer surfaces can also be 

cleaned with plasma bombardment process. The wafers to be bonded are usually placed 

in a low vacuum plasma activation chamber. The plasma consists of charged and neutral 

particles. The charged particles are typically ionized atoms or molecules and electrons. 

The wafers are generally placed on a cathode so that the charged particles can bombard 

on the wafer surface resulting in sputtering. This physical sputtering process removes 

surface contaminations, native oxides and breaks Si-O and Si-H bonds (in case of silicon) 

on the surface. This results in a large number of dangling bonds (free bonds) on the 

plasma treated wafer surface. This increase in dangling bond results in an increase in 

surface energy and hence increase adhesion and bonding strength [25]. Figure 1.3 shows 

the schematic of (a) real surface, (b) surface activation process and (c) activated surface. 
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Plasma bombardment Free bonds 

~-~"'. ~) .. . . ~ . 

tIHH!! 
(a) Real surface (b) Surface activation (c) Clean and smooth activated surface 

Figure 1.3: Schematic of surface activation process (a) real surface, (b) surface activation 

and (c) smooth and clean surface after activation. 

Ensuring the aforementioned surface pre-requisites offers low bonding strength 

(~100 mJ/m2
) at room temperature. In order to ensure strong covalent bonding (~2-2.5 

J/m2
) between the wafers, high temperature annealing is required in most of the prevalent 

bonding techniques. The common wafer direct bonding techniques are described in the 

following sections. 

1.2 Wafer Direct Bonding Techniques 

1.2.1 High Temperature Bonding 

Hydrophilic Wafer Bonding 

Currently, hydrophilic wafer bonding is the most common wafer direct bonding 

technique. The commercially available wafers are often covered with organic (i.e., 

carbon) and inorganic (alkali and heavy metal) contaminations and ~1-2 nm native oxide 

[13]. The organic and inorganic contaminations can be removed by rinsing wafers in 

RCA1 and RCA2 solutions, respectively. This leads to the formation of chemical oxide 

on the native oxide covered wafer surface. The chemically induced oxide consists of 

11 
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covalently bond hydrogen and hence reacts instantaneously with water to form silanol 

groups (Si-OH). This surface is easy to wet with water and hence called hydrophilic. In 

clean room ambient, this hydrophilic surface is covered with a few mono layers of wafer 

through hydrogen bonds. When two hydrophilic surfaces are brought into contact, they 

adhere each other through hydrogen bonds. The bonding energy at this point is very weak 

(~1 00 mJ/m2). Subsequent high temperature (>1 OOOOe) annealing steps result in strong 

Si-O-Si bonding as a result of reactions between silanol groups (Si-OH) across the 

interface as follows [14], 

Si-OH+HO-Si~Si-O-Si+H20 (1.3) 

The water molecules react with silicon, forming hydrogen gas across the interface [14]. 

(1.4) 

It can be inferred from the above equation that in case of hydrophilic bonding a 

thin oxide layer (Si02 in case of silicon) as well as hydrogen molecules are present at the 

bonded interface. The reaction byproduct H2 is mainly responsible for the nucleation of 

voids at the bonded interface. One of the main challenges in hydrophilic bonding is to 

reduce the post-bonding annealing temperature and to alleviate the interfacial voids. 

Since Si02 absorbs H2, the interface voids can be alleviated if a thick Si02 layer is 

present at the interface [2]. 

Hydrophobic Wafer Bonding 

The interfacial oxide layer present in hydrophilic bonding is not desirable for 

some electronic applications. The oxide layer can be removed by cleaning the surface 
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with hydrofluoric acid or ammonium fluoride. This type of chemical cleaning terminates 

the surface by covalently bonded hydrogen. This surface cannot be wetted with water and 

hence called hydrophobic. When two hydrogen terminated surfaces are brought into 

contact, they adhere through van der Waals force between the weak polar Si-H bonds. At 

this point, the bonding energy is only ~20-30 mJ/m2
• Subsequent high temperature 

(>700°C) annealing step results in covalent Si-Si bonds [2]. However, the post-bonding 

annealing results in nucleation of voids at the bonded interface because of hydrogen 

desorption. Due to the absence of interfacial oxide layer, it is quite challenging to 

alleviate the interfacial voids in the hydrophobic bonding. 

In order to avoid the post-bonding annealing issues III the hydrophilic and 

hydrophobic bonding, plasma activated wafer bonding process has been reported, as 

discussed in the following sections. 

1.2.2 Moderate Temperature Bonding 

Plasma Activated Wafer Bonding 

In plasma activated wafer bonding (P AWE), the wafers surfaces are activated by 

a short duration plasma prior to contacting. The P AWE has found tremendous interest in 

the last decade due to its potential in direct bonding at moderate temperature (~400°C) 

[25]. Although different chemical cleaning procedures have been proposed for moderate 

temperature bonding, their effectiveness is not as good as plasma activation. The P AWE 

offers high bonding strength at temperatures in the range of 400~500°C. The most 

common plasma gases used for surface activation are oxygen, nitrogen or argon [26]. 
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Among these, oxygen plasma is known to be most effective in increasing the surface 

energy [27]. During the short plasma treatment, a number of physical and chemical 

processes take place simultaneously. It has been proposed that the physical sputtering 

-1 process of the plasma results in nanoscopic surface porosity in the silicon oxide (in case 

of silicon wafer) [28]. This allows absorbing reaction bypro ducts (mainly H2 and H20) 

more easily compared to processes which do not involve plasma activation. Further, 

plasma activation has been found to create highly hydrophilic surface, and the 

hydrophilicity has been found to last for several days [29]. Furthermore, the influence of 

plasma on surface roughness has been reported by many research groups. The results are 

controversial since some reports showed smoothening [30-31] and some reports 

demonstrated roughening [25] of the surface after plasma activation. Farrens et at [29] 

have reported that plasma activation induces 1-1.5 nm oxide layer on the silicon wafer. 

They believed that the oxide layer contains free radicals, which enhances the bonding 

strength at moderate temperature. 

The moderate annealing temperature required for P A WB is not desirable for 

temperature sensitive and delicate devices. Amirfeiz et at [28, 32] have reported room 

temperature direct bonding of silicon/silicon and silicon/quartz by oxygen plasma 

activation followed by dip in water. However, the water dip resulted in interfacial voids 

after storage for one month. Further, the residual waters on the wafer surface can affect 

the operation of surface sensitive micro sensors and actuators. Hence, a room temperature 

and wet chemical/water free bonding process is highly desirable to address the issues 

caused by annealing. 
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1.2.3 Room Temperature Bonding: Sequentially Plasma Activated 

Bonding 

Most of the current wafer bonding techniques require high temperature annealing 

(~ 1 ooooe for Si/Si bonding, and ~600oe for III -V compound semiconductor bonding) to 

ensure the formation of strong bonding between wafers. This high temperature annealing 

is not compatible for many applications. Especially for dissimilar material bonding, the 

mismatch in thermal expansion coefficient of the mating wafers imposes severe 

restrictions on the post-bonding annealing temperature [13]. The mismatch in thermal 

expansion coefficient induces high thermal stress and causes crack at the bonded 

interface. The high temperature annealing steps after bonding can induce material 

degradation, modify doping profile, generate large threading, and misfit dislocations in 

heterogeneously bonded delicate structures that have different thermal expansion 

coefficients and a large lattice mismatch [33]. Further, high temperature annealing is not 

preferable especially for pre-processed wafers which contain temperature-sensitive 

materials (i.e., copper or aluminum interconnect layers). Annealing over 4500 e can cause 

severe damage to aluminum patterns. Further, high temperature annealing usually leads 

to the nucleation of voids at the bonded interface [2]. In order to address all of the above 

issues, a room temperature bonding process, called sequential plasma activated wafer 

bonding (SP AB) has been developed recently [34]. 

The SP AB has attracted much attention due to its ability to achieve strong 

bonding at room temperature [34]. The SPAB consists of two steps: (1) surface activation 
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by reactive ion etching (RIE) plasma, followed by (2) surface activation by microwave 

(MW) neutral radicals and then contacted the activated wafers in air [35]. The surface 

activation in the first step removes contaminants, native oxides (i.e., Si02 in case of Si), 

and particles from the surfaces through physical sputtering process. The second step of 

surface activation can change the reactivity of the surface. The plasma activation makes 

the surface highly hydrophilic and results in spontaneous bonding at room temperature. 

The SP AB method does not require any wet chemicals, intermediate adhesives, external 

forces, UHV and post-bonding annealing steps to achieve high bonding strength even for 

the integration of dissimilar materials with large lattice mismatch [36]. The bonding 

strength achieved through SP AB without post-bonding annealing is equivalent to the bulk 

fracture strength of the mating wafers [37]. Silicon/silicon and glass/glass wafers have 

been successfully bonded at room temperature without annealing using SP AB for 

microfluidics packaging [36-37]. Despite of the potential for room temperature bonding, 

a little effort has been made to understand the SP AB process. To understand the SP AB 

process, it is indispensable to comprehend the influence of plasma parameters such as 

gas, power, time and pressure on the surface and bonded interface properties; which has 

not been investigated yet. Further, in some applications, the bonded wafer pair undergoes 

high temperature annealing steps. The high temperature annealing results in nucleation of 

voids at the bonded interface. Therefore, the influence of annealing on the nucleation of 

voids, bonding strength, electrical conductivity and interface morphology has to be 

investigated to understand the reliability of SP AB process for real applications. Since 

silicon is the most frequently used material in microelectronics and in MlNEMS industry; 
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understanding the bonding mechanism in SP AB for silicon wafers allows expanding the 

applicability of SP AB for other materials. Earlier [38], the SP AB was used for bonding of 

glass/glass wafers. However, the bonding strength was very low and required further 
, 

-1 investigation. Hence, the motivation of this thesis is to understand the SP AB process for 

silicon wafers and expand its applicability for diverse materials. 

1.3 Contributions 

From this study, I have contributed to four peer-reviewed journal articles. The 

first one was [48] on exploring the properties of Si/Si bonded interface in SP AB. The 

second one [49] was on the nucleation of voids at Si/Si bonded interface in SPAB. Third 

one [96] was on hybrid plasma bonding of void-free and strong Si/glass interface at 

200oe. And the last one [97] was on hybrid plasma bonding of void-free and strong 

Ge/glass interface at 200oe. For all of these articles, I am primarily responsible for 

literature search and writing the manuscript. Specifically, I have primarily involved in the 

process development for spontaneous and hybrid bonding and surface characterization, 

along with partial contribution to the interface analysis. 

1.4 Objectives and Outline of the Thesis 

The objectives ofthis thesis are to comprehensively investigate the SP AB process 

of silicon wafers for nano-integration, and to modify the SP AB process for other 

materials (e.g., glass and germanium) for lab-on-a-chip and photodetector applications. 
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The surface of silicon and the interface of room temperature bonded silicon/silicon have 

been investigated to understand the role of plasma and post-bonding annealing steps. To 

expand the applicability of SP AB for glass wafers, a novel hybrid plasma bonding (HPB) 

technique has been developed, through combining the SP AB with anodic bonding 

process. The HPB technique has been successfully implemented for void-free strong 

bonding of silicon/glass and germanium/glass wafers at low temperature (200°C). 

This thesis consists of five chapters. Chapter 1 presents the historical background, 

fundamentals, types and advance applications of wafer direct bonding. Chapter 1 

concludes with the motivation and objectives of this study. Chapter 2 focuses on the basic 

principles and relevant experimental aspects of the surface and interface characterization 

techniques. Chapter 3 discusses the influence of plasma parameters on the surface 

properties of silicon in order to clarify the spontaneous bonding in the SP AB. Chapter 3 

also discusses the influence of post-bonding annealing on the room temperature bonded 

silicon/silicon interface and the bonding mechanism in SP AB. Chapter 4 presents void

free strong bonding of silicon/glass and germanium/glass interfaces at low temperature 

using the modified SPAB (i.e., HPB) technique. Finally, in Chapter 5, conclusions have 

been drawn and future works have been proposed. 

18 



M. G. Kibria - M.A.Sc. Thesis - Electrical and Computer Eng. - McMaster University - 2010 

CHAPTER 2. EXPERIMENTAL PROCEDURE 

2.1 Introduction 

This chapter focuses on the basic principles and experimental aspects of the 

surface and interface characterization techniques. The wafer surface and bonded interface 

have been investigated using different characterization techniques. The surface 

characterization techniques include drop shape analysis and atomic force microscopy. 

The interface characterization techniques include optical transmission method, electrical 

characterization, tensile pulling test, high resolution transmission electron microscopy, 

electron energy loss spectroscopy and energy dispersive X-ray spectroscopy. 

2.2 Specimens 

In this study, silicon, germanium and glass wafers were used for bonding 

experiments. The silicon wafers were commercially available Czochralski (CZ) grown 

one-side polished 4-inch, 525±25 Ilm thick, p-type (B doped, 20-30 ohm~cm) and (100) 

oriented. The germanium wafers were commercially available CZ-grown one-side 

polished 2-inch 225±25 Ilm thick, n-type (Sb doped, 0.001~1 ohm-cm) and (100) 

oriented. The glass wafers were double side polished Pyrex 7740 borosilicate 4-inch and 

500±25 flm thick. The major elements in the Pyrex glass were Si02 (80.93%) including 

B203 (12.7%), Na20 (4.00%), Ah03 (2.30%), K20 (0.04%) and Fe203 (0.03%). 
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2.3 Bonding Equipment 

The surface activation and wafer bonding was accomplished using a wafer level 

plasma activated bonding equipment as shown schematically in figure 2.1. The bonding 

equipment accommodates up to 200 mm diameter wafer. It consists of sequential plasma 

activation and anodic bonding chambers. The sequential plasma activation chamber 

consists of bottom and top compartments to generate reactive ion etching (RIE) and 

microwave (MW) plasma, respectively. The RIE plasma was generated from oxygen (02) 

or nitrogen (N2) or argon (Ar) gases at 13.56 MHz. The MW plasma was generated from 

O2 or N2 gasses at 2.45 GHz. The bottom and top compartments are separated by an ion 

trapping metallic plate, which is grounded. 

Anodic 
bonding 
head 

Air 

• Exhaust 

MWplasma 
2.45 GHz 

---_I-- RF Plasma 

IH--E-- Electrode 

Matching 
Box 

l3.56 MHz 

Figure 2.1: Schematic of sequentially plasma activated bonding (SP AB) equipment. 
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The wafers to be activated were placed on the radio frequency (RF) driven 

electrode. The RIE plasma was generated by the discharge between the RF electrode and 

the ion trapping metallic plate. The MW plasma was guided by a metal rectangular 

1 waveguide and coupled with a dielectric circular glass (quartz). The MW plasma was 

thus radiated inside the top compartment resulting in electrical discharges ofN2 or O2 gas 

[39]. The ion trapping metallic plate has holes of diameter 1 mm, which traps charged 

ions and thus helps producing neutral radicals at the bottom compartment. The positive 

ions in the RIE plasma are accelerated by direct current (DC) self-bias voltage and thus 

remove contaminations, native oxides from the surface by physical sputtering mechanism, 

whereas the MW neutral radicals create chemically reactive wafer surfaces. 

The anodic bonding chamber is equipped with high voltage electrodes, and 

heaters in bonding heads to anodically bond the wafers at temperatures up to 200°C. The 

DC applied voltage and time in the anodic bonding were kept constant at 1 KV and 10 

min, respectively regardless of the temperature. The details of anodic bonding process are 

discussed in chapter 4. 

2.4 Activation and Bonding Procedure 

The wafers were first placed in sequential plasma activation chamber. As 

mentioned previously, the sequential plasma activation consists of surface activation 

using RIE plasma followed by activation using MW radicals. The activation time, power 

and chamber pressure for RIE plasma 
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Figure 2.2: Schematic of anodic bonding process. 

were varied from 5-300 s, 50-400 Wand 40-120 Pa, respectively. The activation time, 

power and chamber pressure for MW radicals were varied from 15-120 s, 1500-2500 W 

and 50-150 Pa, respectively. The plasma parameters were chosen based on the previous 

study [40]. With these plasma parameters, the self-bias voltage at the substrate electrode 

varied between -35 V and -185 V. After sequential plasma activation, the wafers were 

taken out of the chamber and bonded in clean room (10,000 class) ambient using hand 

applied pressure. Finally, the wafers were cold-rolled with 0.2 MPa load to remove the 

trapped air from the interface. 

For anodic bonding of silicon/glass, the wafers were contacted in clean room 

ambient and then placed in the anodic bonding chamber. The silicon wafer was placed on 

the anode hot plate (bottom plate) and the glass wafer was placed on the cathode hot plate 

(top plate). Two heaters are embedded in the anodic bonding head as shown in figure 2.1. 
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Figure 2.2 shows a schematic of anodic bonding process. The wafer pair was first heated 

by the heater attached in the bonding head at temperatures 100-200°C for 10 min under 

an external force of 0.07 MPa using the upper bonding head. Then the heater was turned 

1 off and a 1 KV bias was applied in the anode and cathode. The applied bias was kept 

constant until the anodic current flow ceased. 

2.5 Surface Characterization Techniques 

The surface characteristics of the wafers (e.g., hydrophilicity and surface 

roughness) determine the bonding quality (e.g., bonding strength, interfacial voids) of the 

wafers. The following sections describe the wafer surface characterization techniques that 

have been performed in this study. 

2.5.1 Drop Shape Analysis 

As discussed in chapter one, the wafer surface has to be hydrophilic to achieve 

strong bonding at low bonding temperature. Hence, the study of wafer surface 

hydrophilicity prior to bonding allows finding the optimum plasma parameters required 

for strong bonding. 

A straightforward way to study surface hydrophilicity is to measure the contact 

angle of a drop of water on the surface. This can be done by a drop shape analyzer. The 

lower the contact angle, the higher the degree of hydrophilicity resulting in better 

wettability of the surface [41]. This is critical for this study since the higher the surface 

hydrophilicity, the easier it is to bond between the surfaces [42]. Figure 2.3 shows the 
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Water drop 

Figure 2.3: Schematic of water droplet on Si wafer surface and the contact angle [J. 

contact angle (fJ) of a drop of DI water on silicon wafer surface. Contact angle is related 

to the surface energy of the solid and the surface tension of the liquid by Young equation 

[42], as follows, 

rsg - rsl - rig cos f3 = 0 (2.1) 

The liquid-gas interface energy Ylg (i.e. surface tension) and the solid-liquid interface 

energy Ysl depend on the liquid being used. The solid-gas interface energy Ysg, also called 

solid surface energy, increases with a decrease in contact angle. For hydrophilic surfaces, 

the contact angle usually remains much less than 45°, and it is usually higher than 45° for 

hydrophobic surfaces [14]. Hence, a hydrophilic surface is easier to bond than a 

hydrophobic surface. 

The contact angle was measured using the sessile drop method with a DI water 

droplet. Drop Shape Analysis system (DSA100) from Kruss was used to measure the 

contact angle. A contact angle below 2° cannot be detected using the equipment. 
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2.5.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) is the most versatile technique to determine the 

surface morphology in sub-nanometer scale resolution. Hence, this is very useful in 

determining the surface roughness. Also, AFM allows locating the plasma induced 

surface defect. For surface roughness measurement, an AFM from Veeco (ICON) was 

used. Silicon tip in tapping mode was utilized over a scanning area of 2x2 ~m2or 5x5 

Feedback Loop Electronics: NanoScope ilia 
,....."..,M:-a..,...in....,.t...,ai:-n-s-:C::-o-n-s-:-ta-n....,.t-:O::-s-c-::i1~a.,..,.tio-n---::A-m-p-:I':':'it-u d-:'e-+l Controller 
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I 
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Synthesizer 

Detection 
Electronics 

Scanner 

Measures 
RMS of 
Amplitude 
Signal 
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Photodiode '.... I 
Detector .... , ... I 
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Figure 2.4: Schematic of tapping mode atomic force microscopy [43]. 
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The AFM operates by raster scanmng a sharp tip attached to the end of a 

cantilever across the specimen. The two commonly used operating modes of AFM are 

contact mode and tapping mode. In contact mode AFM, the tip touches and raster scans 

across the specimen surface. Although contact mode AFM offers high scan speeds 

(throughput), the lateral forces (shear) and high normal forces (due to capillary forces 

from the adsorbed fluid layer on the specimen surface) can destroy surface features due to 

scraping between the tip and specimen [43]. In order to avoid the surface damage from 

the lateral forces, tapping mode AFM was adopted in this study. Figure 2.4 shows a 

schematic of tapping mode AFM. The cantilever is derived to oscillate at or slightly 

lower than its resonant frequency. The tip attached to the end of the cantilever taps on the 

specimen surface during raster scanning with amplitude ranging typically from 20 urn to 

100 urn [43]. The laser light is reflected from the back surface of the cantilever and is 

detected by the split photodiode detector. The feedback loop maintains a constant tip

sample interaction by maintaining constant oscillation amplitude. To maintain a constant 

amplitude, the vertical position of the scanner at each (x, y) data point changes and is 

stored by the computer to form the topographic image of the specimen surface. The 

scanner is made of piezoelectric material, which expands or contracts proportionally to an 

applied voltage. The scanner is capable of sub-angstrom resolution in X-, y- and z

directions and thus provides a three dimensional image of the surface topography of the 

speCImen. 
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2.6 Interface Characterization Techniques 

The interface characterization allows understanding the bonded interface 

properties such as interfacial voids, electrical conductivity, bonding strength, interfacial 

layers and composition. The following sections describe the interface characterization 

techniques that have been performed in this study. 

2.6.1 Optical Transmission Method 

Observation of Interfacial Voids 

If one of the bonded wafers is transparent to visible light, such as glass, quartz, 

lithium niobate (LiNb03), gallium nitride (GaN) etc., the interfacial voids can be 

observed with naked eye. However, if both of the bonded wafers are not transparent to 

the visible light, then appropriate light source and detector is required to detect the 

interfacial voids. The most commonly used technique to detect interface voids is optical 

transmission method. This method is inexpensive, real time, convenient and 

nondestructive. If the energy (hv) of the incident photon is equal or higher than the band 

gap energy (Eg) of the material under irradiation, the incident photon breaks the covalent 

bonds in the lattice. This process generates electron-hole pairs and thus absorbs the 

incident light [13]. Hence, in order to pass light through the material, the incident photon 

energy has to be less than the band gap energy [13], 

h v < Eg 
(2.2) 
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Figure 2.5: Schematic of experimental setup for detecting interfacial voids in Si/Si bonded 

interface using optical transmission method. 

i.e., h!!.....<Eg, where e=lLv 
IL 

he 
or, IL >-

Eg 
(2.3) 

here, e is the speed of light (2.998x 1 08 mls in vacuum) and h is the Planck constant 

(6.62617x 10-34 J-s and v is the frequency of light). Silicon has band gap energy of 1.12 

eV at room temperature. Therefore, from equation 2.3, the minimum wavelength oflight 

that can pass through silicon is 1.10 /lm. This wavelength falls in infrared (IR) region of 

the electromagnetic spectrum. Hence, an IR light source and IR sensitive camera are 

required for detecting interfacial voids in bonded silicon/silicon pairs. Figure 2.5 shows 

the experimental setup for detecting interfacial voids. When different materials are 
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bonded, the smaller band gap among the two bonding material must be used to calculate 

the minimum wavelength from equation 2.3. 

Further, the absorption of light in the material can be described by the following 

equation [13] 

lex) =10 exp(-ax) (2.4) 

where, 10 is the incident light intensity, x is the distance travelled by light in the material 

perpendicular to the surface, and (J.. is the absorption coefficient. The absorption co-

efficient is a function of free carrier concentration (n) and the wavelength of light 

according to the following equation [13]: 

(2.5) 

Therefore, if one of the bonded silicon wafers is heavily doped, strong free carrier 

absorption occurs even for A. > A.min. Hence, the optical transmission method does not work 

for heavily doped semiconductors and for metals. 

At the unbonded region (voids), due to partial transmission and reflection of light 

from the air-silicon interface, distinct Newton rings (interference fringes) result. 

Assuming the content in the void as air with refractive index 1.0, the height H of the 

voids can be estimated by counting the number of fringes N, as follows [13], 

H=N
A 

2 
(2.6) 

The optical transmission method allows detecting voids down to half of a fringe. 

Hence, the minimum detectable void height is 04. The minimum detectable lateral size 
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of the voids depends on the resolution of the IR camera. Usually, voids with diameter 

greater than 1 mm can be detected through this method. 

2.6.2 Electrical Characterization 

The electrical characteristics of the bonded interface was investigated USIng 

current-voltage (1- V) measurements. The 1-V characteristic explores the presence of 

barrier layers, plasma induced charges, defects and state densities at the bonded interface. 

Hence, the 1-V characteristics as a function of plasma parameters can be used to identify 

Silver paste 
v 

Figure 2.6: Schematic of experimental setup for current-voltage (I-V) measurement. 

the desired current transport properties of the bonded interface. The 1-V characteristic of 

the bonded pair was investigated after dicing the bonded wafer pair into lOx 1 0 mm2 

pieces. Highly conductive silver paste (typical resistivity ~ 3xl0-5 ohm-cm) was used to 

make contact electrodes with the wafer surface as shown in figure 2.6. Metal electrodes 

were not chosen because of the possibility of sintering the electrode metal and silicon at 

high temperature metal deposition and annealing steps [44]. The HP-4145B 

semiconductor parameter analyzer was used for 1-V characterization. 
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2.6.3 Tensile Pulling Test 

There are different ways to characterize the mechanical properties of the interface 

of the bonded wafers. Tensile pulling test is one of the most common techniques to 

determine the tensile strength of the bonded interface. In this study, tensile pulling test 

was performed using a tensile pulling tester from Instron, to determine the bonding 

strength of the interface. For tensile pulling test, the bonded specimens were diced into 

IOxlO mm2 and glued using high strength 

Applied tensile force 

+-- Steel or Copper block 

Adhesive ---31) +-- Bonded pair 

Applied tensile force 

Figure 2.7: Schematic of tensile pulling test. 

adhesives with steel or copper blocks as shown in figure 2.7. The size of the specimen 

was larger than the steel or copper blocks to prevent the adhesive from spreading to the 

side faces on the bonded pair. The steel or copper block (attached to the tensile pulling 

tester) pulls the bonded pair apart from two opposite directions perpendicular to the 

bonded surfaces to separate the wafers. The bonding strength is given by the force at 
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separation divided by the area of the specimen. The maximum bonding strength that can 

be measured by this technique is limited by the tensile strength of the adhesive. To avoid 

this issue, high strength adhesive (tensile strength of adhesive was higher than that of the 

~ bonded interface) was used in this study. 
i 

2.6.4 High Resolution Transmission Electron Microscopy 

While AFM can resolve sub-nanometer scale surface morphology, high resolution 

transmission electron microscopy (HRTEM) is capable to image nanometer scale bonded 

interface morphology. Since the activation sources, i.e., RIB and MW, have physical 

sputtering and chemical reactivity with the surfaces, the interface characterization using 

HRTEM allows revealing the influence of the activation sources. The deviation of the 

crystallinity of wafers indicates amorphous interfacial layers. In this study, HRTEM was 

performed to investigate on the thickness and morphology of interfacial layers, the 

presence of interface defects and voids. 

The transmission electron microscopy uses electrons and a senes of 

electromagnetic lenses to magnify the specimen. For HRTEM characterization, the 

specimen has to be thin enough (thickness between ~ 10-50 nm) to be electron transparent. 

The transmitted and forward scattered electrons form a diffraction pattern in the back 

focal plane and a magnified image of the specimen on the image plane, respectively [45]. 

For HRTEM, the preparation of very thin specimen is quite challenging and 

involves a number of steps. Figure 2.8 shows the steps followed to make the HRTEM 

specimens. First, a 3 x 1 mm2 bar was diced from a 4 inch bonded wafer pair and was 
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(a) (b) (c) (d) 
10 

Si-Si bonded 

Bonded interface 

3 < 3 
> 

3 

c=> c=> TEM observation area, 
thickness < 50 nm 

Attach with Dimpling and 
Moly ring Moly ring Ion milling 

(e) (f) (g) 

Figure 2.8: Schematic of TEM specimen preparation steps for Si/Si bonded wafers. The 

dimensions shown are in millimeters. 

placed between six supporting silicon bars on two sides (Fig. 2.8 b). All these eight 

specimens were bonded together using Epo Tek H20S silver epoxy to make a single 

structure. Second, the structure was first grinded and then polished to thin down to ~ 100 

flm (Fig. 2.8 c). Third, a 3 mm disc was cut from the structure using ultrasonic cutter (Fig. 

2.8 d) and then placed on a Moly ring (Fig. 2.8 f). Forth, the centre of the disc was further 

thinned down to ~ 15 flm using a dimple machine. Fifth, the disc was further thinned by 

ion sputtering in an ion mill until holes appeared (2.8 g). Finally, the high resolution 
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images were taken using JEOL 2100F, Cs=0.50 mm transmission electron microscope. In 

case of silicon/glass bonded pair, the specimen for HRTEM was prepared using focused 

ion beam (FIB) to avoid the charging induced artifacts on the specimen [46]. 

2.6.5 Electron Energy Loss and Energy Dispersive X-Ray Spectroscopy 

Electron energy loss spectroscopy (EELS) and energy dispersive X-ray 

spectroscopy (EDX) were performed in this study to understand the elemental 

composition at and around the bonded interface. These techniques are useful to find if 

there is any diffusion of elements from one wafer to the other. The compositional 

analysis allows understanding the bonding mechanism of the wafers. A good 

understanding in the bonding mechanism is required to address the bonding challenges 

and further improve the bonding quality. While EDX is particularly sensitive to heavier 

elements, EELS works better for elements with relatively low atomic number [47]. Hence 

both EDX and EELS were performed in this study to explore the presence of possible 

elements at and around the interface. 

To investigate the elemental composition at the bonded interface, high angle 

annular dark-field (HAADF)-scanning TEM (STEM), EELS and EDX were performed 

with the specimen prepared for HRTEM. The EELS and EDX experiment was performed 

using a field-emission TEM (JEOL 2l00F, Cs=0.50 mm) in conjunction with a Gatan 

Enfina 1000 spectrometer, operating at 200 kV. The energy resolution was about l.0 eV. 

Typical probe conditions for EELS used in this work consisted of 1.0 nm diameter probe 

in TEM condition and a ~ 0.3 nm diameter probe with a convergence semi-angle of 14 
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mrad in STEM condition. Core-loss EELS spectra of N-K, Si-L2,3, and O-K were 

recorded. 
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CHAPTER 3. SEQUENTIALLY PLASMA ACTIVATED BONDING 

OF SILICON/SILICON 

3.1 Introduction 

The sequentially plasma activated bonding (SP AB) requires improved surface 

properties of the mating wafers, such as hydrophilicity and roughness. These determine 

the quality of the bonded interface, such as bonding strength, electrical characteristics and 

nucleation of voids. The improved surface properties and hence the bonded interface 

properties can be obtained through proper choice of plasma parameters (gas, plasma 

discharge mode, plasma power, chamber pressure, activation time). Therefore, it is 

indispensable to understand the role of plasma parameters on the surface and bonded 

interface properties. 

Further, the SP AB bonded interface properties may change during fabrication 

process flow at high annealing temperatures in some applications. Due to the presence of 

OH-groups, the high temperature annealing may nucleate voids at the interface and 

change the interfacial morphology. The interface morphology controls the bonding 

strength and current transport properties of the bonded interface. Hence, study on the 

influence of annealing on void nucleation, interface morphology, bonding strength and 

electrical characteristic is indispensable to understand the applicability of SP AB for 

micro/nano-scale devices. 

This chapter discusses an in-depth analysis of hydrophilicity and surface 

roughness of silicon (Si) wafers with different plasma parameters to figure out how 
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sequential plasma activates surfaces for spontaneous bonding at nanometer-scale. Further, 

the influence of plasma parameters on voids' nucleation and electrical conductivity of 

Si/Si bonded interface has been investigated. Furthermore, the influence of annealing on 

voids' nucleation, bonding strength, electrical characteristics, morphology and 

composition of the Si/Si nano-bonded interface has been explored. 

Note that most of the results presented in this chapter are published in two peer

reviewed journal articles [48-49]. Some unpublished results are also included. The 

sequence of the write-up in the thesis is different from the published articles because of 

extensive motivations of the thesis. For the article in Ref [48], I was primarily responsible 

for literature search, for writing the manuscript and for the experiments. For Ref. [49], I 

was primarily responsible for literature search, for writing the manuscript and partially 

for the experiments. 

3.2 Surface Characterization of Silicon 

3.2.1 Surface Hydrophilicity 

Role of Gas 

In order to choose appropriate gas for plasma activation, the contact angle 

measurements of Si before and after surface activation in the RIE and MW plasma using 

02, N2 and AT gas were perfonned. As mentioned in chapter 2, contact angle 

measurements allow understanding the hydrophilicity of the wafer surface. The lower the 

contact angle, the higher the hydrophilicity and the easier the spontaneous bonding at 
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room temperature. In this study, the surface hydrophilicity was investigated through 

contact angle measurements after three minutes of plasma activation in order to 

understand the applicability of SP AB, especially in bonding and packaging environments 

where a few minutes may be required for handling and aligning after surface activation. 

Table 3.1: The average contact angles of a drop of DI water on Si wafer surface 

with different gases in RIE plasma condition. 

RIB 
Gas Power(W) Time (s) Pressure (Pa) Contact Angle ( 0 ) 

Plasma 

1 O2 200 30 60 29.10 
2 N2 200 30 60 43.76 
3 Ar 200 30 60 51.76 

Table 3.1 shows the contact angles of a drop ofDI water on Si wafer surface after 

plasma activation using different gases in RIB plasma condition. The contact angles were 

29.1,43.76 and 51.76 degrees for O2, N2 and Ar gases, respectively. The O2 RIB plasma 

activation offered lowest contact angle, in other words, highest hydrophilic surfaces 

compared to the N2 and Ar RIB plasma activated Si surfaces. The change in contact angle 

with gas is presumably due to the different etching behavior and chemical reactivity of 

gases. The physical sputtering process in RIB plasma changes the surface roughness. 

Table 3.2: The average contact angles of a drop of DI water on Si wafer surface 

with different gases in MW plasma condition. 

MW 
Gas Power (W) Time (s) Pressure (Pa) Contact Angle ( 0 ) 

Plasma 

1 O2 2000 30 60 27.36 

2 N2 2000 30 60 16.14 
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This change in surface roughness is presumably responsible for change in contact 

angle with different gases. Table 3.2 shows the contact angles on Si surfaces activated 

using MW O2 and MW N2 radicals. The results imply that MW N2 radicals offer higher 

I hydrophilic surfaces (i.e., lower contact angle) compared to MW O2 radicals, under 

identical plasma conditions (i.e., power, time and pressure). This behavior of the MW N2 

radicals can be explained as follows. The MW N2 radicals are highly reactive resulting in 

Si oxynitride (SiOxNy) and Si-N bonds while reacting with O2 and Si [50]. These bonds 

control the water contact angles. The water contact angle largely depends on two factors, 

dispersion Yd and polar YP components of the surface energy. The higher the polar 

contribution (Yp) to the surface energy, the better the hydrophilicity of a polar liquid, such 

as, water [51]. While the presence of Si-N bonds on the MW N2 radicals treated surface 

leads to higher polar contribution, the presence of Si-O bond on the MW O2 radicals 

treated surface results in lower polar contribution to the surface energy [52]. Hence, the 

MW N2 radicals activated surface is much more hydrophilic than the MW O2 radicals 

activated surface. 

Immediately after plasma activation, Si wafer surfaces are terminated by large 

numbers of dangling bonds, and they can react with surrounding atmosphere, such as 

water, impurity components, or with other dangling bonds. To clarify the ageing process 

of the plasma activated surfaces, a droplet of DI water was placed on a Si wafer surface 

and the contact angles were measured every three seconds. Figure 3.1 shows the contact 

angles versus exposure time in air after plasma activation with different gases. The rate of 

change of contact angle with time refers to surface reactivity. Therefore, it can be inferred 
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from figure 3.1 that the reactivity of O2 RIE plasma is lower than that of N2 and AI RIE 

plasma. The reactivity of N2 RIB and Ar RIB is nearly similar. On the other hand, the 

reactivity ofMW N2 radicals is higher than MW O2 radicals. 

60 
--02 RlE 
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50 
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Figure 3.1: Contact angles of a droplet of DI water on Si wafer surface activated using 

different gases in RIB and MW plasma conditions. 

In terms of surface hydrophilicity, the O2 RIB plasma and MW N2 radicals offered the 

highest hydrophilicity and hence is the best combination for spontaneous bonding at 

room temperature. 
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Role of RIE Plasma Parameters 

In order to understand the influence of O2 RIE plasma parameters (i.e., plasma 

power, chamber pressure, activation time) associated with sequential activation, on the 

degree of hydrophilicity, the contact angle measurements were carried out with different 

O2 RIE plasma parameters. The average measured contact angles at different plasma 

processing conditions are enlisted in Table 3.3. It also includes the average contact angles 

of non-activated surface, and hydrophobic surfaces cleaned with diluted (5%) 

hydrofluoric (HF) acid for comparison. The contact angles of the sequentially activated 

surface show an increasing trend as 02 RIE plasma activation time, power and pressure 

increases. This result can be correlated with the surface roughness, as discussed in section 

3.2.2. Furthermore, the physical bombardment process of O2 RIE plasma removes surface 

species such as contaminations, carbons, hydrogen, hydroxyl (OH-) groups, and it creates 

large numbers of free bonds (dangling bonds) on the surface. It is well known that the 

more OH- groups present on the surface, the smaller the contact angle. Increasing the 

plasma power, pressure, and time enhances the physical bombardment process of O2 RIE 

and removes surface OH- groups more efficiently; thus, this increases the contact angle. 

It is important to note that the O2 RIE treatment not only removes surface contaminations, 

but also produces a plasma induced oxide layer. However, the thickness of this oxide 

layer does not make significant difference in contact angle and hence surface energy as 

reported in [41]. When we manipulated with the O2 RIE plasma power, the lowest contact 

angle we could achieve was at 75 W. The plasma power at 50 W was not sufficient 

enough to activate the wafer surfaces, which resulted in a contact angle near to that of a 
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non-activated surface. It can be concluded from the above results that lowest contact 

angles can be achieved by choosing the lowest possible O2 RIB plasma parameters. 

However, the plasma parameters have to be high enough to sufficiently remove surface 

contaminations and activate the surface. Our experimental results show that the lowest 

possible O2 RIB parameters that can sufficiently activate the surface are 5 s, 75 W, and 40 

Pa. 

Table 3.3: The average contact angles of a drop ofDI water on Si wafer surface 

with different surface treatment conditions. 

O2 RIE Plasma MW N2 radicals 
Contact 

Pressure Power Time Pressure Power Time Angle (0) 
(pa) (W) (s) (pa) (W) (s) 

5 31.4±1.1 

15 36.8 ± 0.5 

300 30 38.1 ± 0.5 
60 39.5 ± 0.3 
120 37.7 ± 0.5 

100 300 40.6 ± 0.3 
50 34.5 ± 0.7 
75 31.5 ± 0.3 
100 100 2000 30 38.8 ± 0.6 
200 39.5 ± 0.3 
300 39.5 ± 0.3 
400 60 43.1 ± 0.5 

40 38.5 ± 0.5 
60 41.0 ± 1.3 
80 300 39.4 ± 0.2 

100 39.5 ± 0.3 
120 40.1 ± 1.0 

Without Activation 33.4 ± 0.2 

HF Cleaning [5%] 65.2 ± 0.4 

RCA Cleaning [H2O:H20 2:NH4OH=5:1:1] 9.9 ± 0.4 

Only O2 RIB Activation [100 Pa, 300 W, 30 s] 43.0 ± 0.4 

Only MW N2 Activation [l00 Pa, 2000 W, 30 s] 26.1 ± 2.3 
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Figure 3.2 depicts the contact angles as a function of exposure time in air after 

sequential activation compared with O2 RIE plasma activation, MW N2 radicals' 

activation, diluted (5%) HF cleaning and the contact angles of non-activated surface. For 

sequential activation O2 RIE parameters were 300 W, 100 Pa and 15 sec and MW N2 
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Figure 3.2: Contact angles of a droplet ofDI water on Si wafer surface activated using 

different plasma conditions. 

parameters were 2000 W, 100 Pa and 30 sec. The plasma parameters for only O2 RIB and 

only MW N2 activation are given in Table 3.3. The measurement errors associated with 

this experiment were ±10 %. While the contact angle of HF cleaned and without 
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activated wafer surface slowly decreased over time, the contact angle of plasma activated 

surfaces decreased rapidly over time. The contact angle for the MW N2 treated surface 

went below the detection limit (within 176 seconds). As mentioned previously, the rate of 

change of the contact angle refers to surface reactivity. This indicates that MW N2 

radicals' treated surface is highly reactive. The highly reactive nature of MW N2 radicals 

turns the sequentially activated surfaces into high reactive surfaces, as opposed to HF 

treated surface and non-activated surface. On the other hand, the contact angles of O2 RIE 

treated surfaces were higher than that of MW N2 treated surfaces and sequentially 

activated surfaces. The contact angles of sequentially plasma activated surfaces were less 

than that of O2 RIE plasma treated surfaces but greater than that of MW N2 radicals' 

activated surfaces throughout the elapsed time. In fact, O2 RIE is required to remove 

surface contaminations and MW N2 is required to create a highly reactive surface. Hence, 

both plasmas are essential to activate the surface for bonding. The decrease of the contact 

angle (i.e., increase in surface energy) over storage time may be correlated with the 

increase of bonding strength over storage time. It has been reported that the bonding 

energy of sequentially plasma activated SiiSi interface significantly increases from ~ 0.05 

J/m2 to 2.3 J/m2 after storage at room temperature (RT) for 24 hours [53]. Increasing the 

elapsed time generates stronger bonds between the sequentially treated surfaces as a 

result of SiOxNy or Si-N. A similar mechanism in the reduction of contact angle of the 

sequentially activated surface left in the air also explains the increase in surface energy 

due to SiOxNy or Si-N structures. 
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Role of MW plasma Parameters 

In order to understand the influence of MW plasma parameters on surface 

hydrophilicity, the contact angle measurements were performed after activating the Si 

1 surface with different MW power, time and pressure. Table 3.4 shows the average contact 

angles (estimated from three drops) with different MW plasma parameters. No significant 

change in contact angle was observed with MW power, time and pressure. In fact, the 

MW radicals are not accelerated by the DC self-bias voltage. Therefore, the MW radicals 

do not physically bombard the wafer surface. Hence, the physical sputtering process does 

not occur in case of MW plasma activation. 

Table 3.4: The average contact angles of a drop ofDI water on Si wafer surface 

with different parameters of MW N2 radicals. 

O2 RIE Plasma MW N2 Radicals Contact Angle 
Power Time Pressure Power Time Pressure (0) 

(W) (s) (Pa) (W) (s) (Pa) 
1500 36.26 
2000 60 36.64 
2500 100 40.28 

30 40.72 
300 60 100 60 36.64 

2000 120 41.88 
50 41.18 

60 100 36.64 
150 39.14 

Presumably, due to the absence of physical bombardment process, the surface 

roughness did not change significantly. Hence, the contact angle did not change 

remarkably. To find insights into the contact angle results, surface roughness of Si was 
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measured after plasma activation with different gases and plasma parameters. The 

following section discusses the influence of gas on surface roughness. 

3.2.2 Surface Roughness 

Role of Gas 

To investigate the influence of gas on surface roughness, Si surfaces were 

activated with different gas, and the surface roughness was measured using atomic force 

microscopy (AFM). Figure 3.3 shows the AFM images of Si wafer surface after 

activation with (a) O2 RIB, (b) N2 RIB and (c) Ar RIB plasma. Table 3.5 shows the RMS 

roughness of Si surface for different gas. The results indicate that O2 RIB plasma offers 

Table 3.5: The RMS surface roughness of Si wafer after activation with RIE 

plasma produced from different gases. 

RIE 
Gas Power (W) Time (s) Pressure (Pa) RMS Roughness (nm) 

Plasma 

1 O2 200 30 60 0.13 
2 N2 200 30 60 0.18 
3 Ar 200 30 60 16.2 

the lowest surface roughness of Si among O2, N2 and Ar RIE plasma activation. 

Anomalous Si surface morphology was observed after Ar plasma activation, as shown in 

figure 3.3 (c). Further research is required to understand insights into these results, which 

is beyond the scope of this study. The surface roughness results can be correlated to the 

contact angle results in Table 3.1. One can infer from these results that the higher the 

surface roughness (Table: 3.5), the higher the contact angle (Table: 3.1). In case of rough 
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Figure 3.3: AFM images ofSi wafer surface after activation with (a) O2 RIB, (b) N2 

RIB, and ( c) Ar RIB plasma. 

pm 

Figure 3.4: AFM images ofSi wafer surface after activation with (a) MW O2, and 

(b) MW N2 radicals. 
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surface, air traps between the water droplet and the wafer surface and hinders spreading 

the water droplet. This results in higher contact angle. Figure 3.4 shows the AFM images 

of Si surface after activation with MW O2 and MW N2 radicals. Table 3.6 shows the 

RMS surface roughness of Si after activation with MW O2 and MW N2 radicals. The MW 

N2 radicals offered much smoother surface than MW O2 radicals. This result is consistent 

with contact angle results in Table 3.2, where MW N2 radicals offered lower contact 

angle than MW O2 radicals. 

Based on the contact angle and surface roughness results, in order to achieve 

lowest contact angle (highest hydrophilicity) and lowest surface roughness, O2 gas was 

chosen for RIE plasma activation and N2 gas was chosen for MW radicals' activation. 

Table 3.6: The RMS surface roughness of Si wafer after activation with MW 

radicals produced from different gases. 

MW 
Gas Power (W) Time (s) Pressure (Pa) 

RMS Roughness 
Radicals (um) 

1 O2 2000 30 60 0.20 

2 N2 2000 30 60 0.18 

Role of RIE Plasma Parameters 

The physical sputtering process ofRIE plasma treatment cleans and activates (i.e. 

forms new bonding sites) surfaces to achieve strong bonding strength at room 

temperature [54-55]. However, the accelerated oxygen ions in the O2 RIB plasma process 

damage the surface and increase the surface roughness resulting in the formation of voids 

[56]. To understand the influence of RIE plasma parameters on the surface roughness, 
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seven Si wafers (AI, A2, A3, Bl, B2, B3 and C) were activated using the plasma 

parameters as shown in Table 3.7. After activation, the surface roughness was 

investigated using AFM. 

; 

j 

I Table 3.7. The plasma parameters used for Si surface activation. 

Specimen O2 RIE Plasma MW N2 Radicals 

No. Power (W) Time (s) Pressure (Pa) Power 0N) Time (s) Pressure (Pa) 

Al 15 
A2 200 30 60 2500 30 60 
A3 60 

B1 200 
B2 300 30 60 2500 15 60 

B3 400 
C 300 30 60 - - -

Figure 3.5 shows the dependence of surface roughness of Si on the O2 RIE time 

and power in the sequential activation. The measurements were repeated three times and 

the average roughness is shown in figure 3.5. Before activation, the RMS surface 

roughness was 0.17 nm. After 15 s O2 RIE activation, the RMS roughness decreased to 

0.14 nm. Further increase in activation time to 60 s resulted in an increase in roughness, 

but still lower than that of before activation. As seen from figure 3.5, the surface 

roughness also increased with the increase in O2 RIE power. However, the rate of 

increase in the surface roughness with the increase in the O2 RIE power is higher 

compared to the O2 RIB time. The slopes for the surface roughness curves differ, 

indicating different etching behaviors of 02 RIE time and power. While a smooth surface 

(roughness 0.12 nm) was observed at 200 W, it was rough (roughness 0.23 nm) at 400 W. 
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Figure 3.5: Surface roughness of Si as a function of O2 RIE plasma time and power in the 

SPAB. 

This result IS In agreement with prevIOUS studies [57], where bonding energy was 

correlated with surface roughness. A comparative view on the surface roughness is given 

in figure 3.6. It includes the AFM images of Si surface (a) before activation, and after 

activation at processing conditions for the specimens (b) C, (c) Bl, and (B3). The AFM 

images show that the Si surface becomes smooth after activation (compare 3.6 a and c). 

As increasing the activation power from 200 W (figure 3.6 c) to 300 W (figure 3.6 b), the 

surface roughness increased. This trend is continued. In fact, the increase in plasma 

power fortifies the physical bombardment process of ionized particles. Once the surface 

is free from native oxides, particles and contaminations, the energetic ionized particles 

start digging the surface and create nano-defects such as nano-pores and craters on the 

surface. In particular, there were a significant number of such defects present on the 
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Figure 3.6: AFM images of Si surface (a) before, (b) after O2 RIE activation with 300 

W for 30 s (specimen C), (c) after O2 RIE activation with 200 W for 30 s followed by 

MW N2 radicals activation with 2500 W for 15 s (specimen Bl), and (d) after O2 RIE 

activation with 400 W for 30 s followed by MW N2 radicals activation with 2500 W 

for 15 s (specimen B3). 

whole surface of the specimen treated with 400 W O2 RIE. Red circles on the images 

indicate some nano-pores. The estimated depth of the nano-pores was as deep as 2.2 nm. 

This finding confirmed porosity on the activated surfaces of Si, which was assumed in 
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[58]. The nano-pores and craters act as trapping sites for the gas at the bonded interface 

and results in interfacial voids. The nucleation of voids is discussed in section 3.3.1. 

Role of MW Plasma Parameters 

The influence of MW plasma parameters on the surface roughness were 

investigated through AFM. The MW power, time and pressure were varied from 1500 -

2500 MW, 30-120 sand 50-150 Pa, respectively. No significant change in surface 

roughness was observed with MW power and time. The RMS surface roughness was 

varied between 0.2 to 0.23 nm with different MW power and time. However, remarkable 

influence of chamber pressure was observed on Si surface roughness. While 50 Pa 

pressure resulted in RMS surface roughness of 0.19 nm, 150 Pa chamber pressure 

resulted 0.48 nm RMS roughness. This result is consistent with previous studies [40]. The 

increase in surface roughness with chamber pressure is attributed to the increase in 

chemical reactivity and total gas fluence on the wafer surface. 

3.3 Interface Characterization before Annealing 

3.3.1 Interfacial Voids 

In general, voids form due to surface roughness, surface particles, and residual 

particles on surface due to plasma bombardment. Smooth surface (RMS roug11ness < 0.5 

nm) is required in order to avoid air-trapping induced voids across the interface. While 

the voids due to surface particles can be controlled by the proper cleaning of surface and 
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use of particle free bonding environment (e.g., clean room), the sequential plasma 

processing parameters such as O2 RIB plasma time, power and gas pressure induced 

Figure 3.7: IR transmission images of Si/Si SP AB interfaces showing the influence of 

the O2 RIB time (a) 15 s, (b) 30 s, (c) 60 s, and power (d) 200 W, (e) 300 W, and (t) 

400 W on void formation. 

voids can be detrimental to the quality of the bonded interface [41, 56]. In order to 

understand the role of plasma induced nucleation of voids, infrared (IR) transmission 

images for the SP AB Si/Si interfaces as a function of plasma processing parameters such 

as O2 RIB plasma time and power were taken for the bonded specimens as shown in 

Table 3.7. As shown in figure 3.7 (a), (b) and (c), no significant relationship between the 

02 RIB plasma time and the void formation in the SP AB process was observed. On the 

other hand, the number of voids were increased rapidly with increasing 02 RIB plasma 

power especially at 400W, as shown in figure 3.7 (t). A comparison between the 
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influence of 02 RIE time and power indicates that the O2 RIE plasma power has 

dominant role on the formation of voids compared to O2 RIE time. This result can be 

correlated to the increase in surface roughness with RIE power as shown in figure 3.5. 

The increased surface roughness at 400 W is responsible for the increased void 

nucleation (figure 3.7 f). 

3.3.2 Electrical Characterization 

The influence of the plasma processing parameters on the electrical characteristics of the 

bonded interface was investigated using I-V measurements. Figure 3.8 shows the I-V 

curves of the p-Si/p-Si bonded interface with different O2 RIE plasma exposure times 

measured at RT. It has been reported [59] that sequential plasma activated wafers fmID 

covalent bond across the bonded interface 24 hours after bonding. Hence, the 1-V 

measurements were done 24 hours after bonding. After 24 hours, no significant change in 

I-V characteristics with storage time was found. From figure 3.8 it is evident that the 

electrical resistance increased as the O2 RIE plasma activation time increased. The slow 

tum on of the forward and reverse bias current indicates that a thin barrier layer is present 

at the bonded interface [60]. The experimental measurement of the oxide thickness on the 

02 RIE plasma activated Si surfaces showed that the initial high oxide growth rate 

saturated at around 60 A after approximately 100 s plasma activation [61]. This result can 

be directly correlated with the electrical behavior shown in figure 3.8. It is seen that the 

positive bias current saturates after approximately 100 s of plasma activation time. 
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Figure 3.8: (a) Current-voltage characteristics, and (b) barrier height of the bonded p

Silp-Si interface as a function of O2 RIB plasma activation time. 

Electrical resistance at an arbitrarily chosen voltage of 4 volt for 30 s of plasma 

activation time was calculated to be 778.4 KQ. This high resistance is attributed to the 

presence of plasma induced charges and extra energy states at the bonded interface and at 

the band gap of the semiconductor, respectively. This was confirmed with the nonlinear 

J-V characteristics in figure 3.8. The presence of charges at the Si/Si bonded interface was 

also confirmed by a transient current response to a step voltage [62]. It has been reported 

that the O2 RIB plasma activation can increase the fixed oxide charge by 2.9 x 1010 cm-2 

and interface trap density to 7.2 x 1010 cm-2eV-1 [63]. These oxide charges form depletion 

region surrounding the bonded interface. The fixed oxide charges and interface traps 

generate extra energy states at the forbidden energy gap; which increase the barrier height 

at the bonded interface. This energy barrier hinders the flow of the majority carriers at the 

conduction band of the semiconductor; and thus results in high electrical resistance. Since 
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the barrier height follows the same trend as the oxide thickness across the bonded 

interface [61], the oxide thickness has dominant role in increasing the interface resistance. 

_-----Ec 

p-Si p-Si p·Si 

Interface positive charge 

-----------_ ...........•... _ .. _ ....... _ ... _ ....... -- Ey 

Ey 

(a) (b) 

Figure 3.9: Schematic energy band diagram of a p-Si/p-Si bonded structure at (a) zero 

bias, and (b) with applied bias. 

For p-type Si, positive charges form at the bonded interface that is balanced by 

negatively charged ionized acceptor atoms at the depletion region. A schematic energy 

band diagram of a p-Si/p-Si is shown in figure 3.9. For lower doping (:S1017cm-3
) 

concentration, the current transport is dominated by the thermionic-emission current. 

Using the thermionic emission model, the current density can be expressed as [64-65], 

J = A * T2 exp( - q ~ ) [exP( q V2 ) - exp( _ q V; )] 
kT nkT nkT 

(3.1) 

and V = V; + V2 , where A * is the effective Richardson constant, T the temperature, q the 

electronic charge, k the Boltzmann's constant, Vb the barrier height and n the ideality 

factor. V is the total applied bias, which is distributed over the interface with Vj and V2 
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components as shown in figure 3.9. The barrier height can be determined from the I-V 

characteristics in the forward direction with, 

-i 
(3.2) 

where, Jo is the extrapolated value of current density at zero voltage. Assuming A *=114 

A/cm2/K2 and T=300 K, the barrier height was determined and plotted in figure 3.8 (b). 

The barrier height increased with the increase of O2 RIB plasma time. The slope of the 

barrier height from 30 s to 120 s is higher than it is from 120 s to 300 s. The barrier 

height at 300 s almost looks saturated. The increase of barrier height with the increase of 

O2 RIB plasma time can be attributed to the increase of oxide thickness at the bonded 

interface [61]. The calculated barrier height of the bonded interface is higher than that of 

the chemically activated hydrophilic bonded interface [67]. This is attributed to the 

contact resistance between silver paste and Si, and the plasma induced crystalline defects 

and interface fixed charges [66]. In fact, this additional contribution to the barrier height 

can be neglected for this comparative study. From the above results, it can be concluded 

that the current transport across the bonded interface can be controlled by a proper choice 

of the O2 RIB plasma activation time. 

3.4 Interface Characterization after Annealing 

Wafer bonding is one of the key process steps in a real device fabrication process 

flow. For some device fabrication, wafer bonding is carried out at the very beginning of 

the fabrication process. Thus the bonded wafer can undergo several process steps where it 
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can be exposed to high temperature. For example, in smart-cut process to fabricate 

silicon-on-insulator (SOl) substrate, ion implanted and bonded specimens go through 

high temperature annealing step which is required for layer transfer [68]. These high 

temperature processes can change the interface morphology, and nucleate interfacial 

voids. Nucleation of voids can reduce the bonding strength and hence the sealing 

behavior of the device. Furthermore, morphological change of the interface is presumably 

correlated to the current transport properties of the device. Thus study of the influence of 

annealing on the bonded interface is indispensable to understand the insights. The 

following section discusses the influence of annealing on the nucleation of voids at the 

bonded interface. 

3.4.1 Influence on Voids' Nucleation 

In order to investigate the influence of annealing on the nucleation behavior of 

voids, all the specimens shown in Table 3.7 were sequentially annealed up to 900°C in air 

or nitrogen environments. Before annealing, the IR images were taken for all the 

specimens. Then, all the specimens were annealed at 200, 400, 600, 800 and 900°C. The 

interfaces were observed after each annealing steps using IR transmission camera. At all 

five temperatures the specimens were annealed for 4 hours with a ramping rate of 200°C 

per hour. As a reference, the IR transmission images of non-activated Si/Si bonded 

interfaces are shown in figure 3.10. Since the surfaces were not treated with plasma, 

plasma induced voids was not observed (Fig 3.10 a). A few particle induced voids were 

remained at the interface which did not remove after annealing. A significant number of 
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Figure 3.10: IR transmission images of nonactivated reference Si/Si interfaces (a) 

before (at room temperature), and after sequential annealing at (b) 200, (c) 400, (d) 

600, (e) 800, and (t) 900De in nitrogen ambient for 4 hours in each step. 

Figure 3.11: IR transmission images of O2 RIB treated Si/Si interfacial voids for the 

specimen e (a) before (at room temperature), and after sequential annealing at (b) 200, 

(c) 400, (d) 600, (e) 800, and (t) 900De in nitrogen ambient for 4 hours in each step. 
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Figure 3.12: IR transmission images of SPAB treated Si/Si interfacial voids for the 

specimen B2 (a) before, and after sequential annealing at (b) 200, (c) 400, (d) 600, (e) 

800, and (f) 9000 e in nitrogen ambient for 4 hours in each step. 

voids were observed after annealing. The size of the voids increased with annealing 

temperature up to 800oe, but their density decreased. After 9000 e annealing, the thermal 

induced voids were nearly disappeared. Figure 3.11 and 3.12 shows the annealing 

dependent voids nucleation for only O2 RIB treated specimens (C) and SP AB specimen 

(B2), respectively. 

The specimens were annealed up to 9000 e in nitrogen gas with a flow rate of 90 

standard cubic centimeters per minute (sccm). The voids were not significantly changed 

up to 4000 e both in the O2 RIB and SP AB. From 600oe, new voids appear due to thermal 

annealing (now on termed as thermal voids) with the presence of the original voids due to 

plasma processing (termed as plasma voids). The size and shape of the voids at the SP AB 
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interface (Fig 3.12) was higher than that of the only O2 RIE processed interface (Fig 

3.11). In both cases, the size and shape of a few plasma voids were changed with a few 

Newton rings. The Newton rings result from the partial transmission and reflection of 

light from the air-Si interface at the unbonded regions [69]. 

The sizes of thermal voids were much bigger compared to that of the plasma 

voids. The nucleation of thermal voids is attributed to the generation of hydrogen gas 

from the oxidation reaction of Si by the adsorbed water [70]. From 600oe, perfectly 

bonded regions surrounded the thermal voids. No significant change of void evolutions 

was observed after 600°C. Therefore, further annealing at higher temperatures neither 

generated voids nor changed the size and shape of the thermal voids. If one takes a look 

on the plasma induced void (as indicated by arrows in Fig 3.12) and its evolutions after 

annealing, one can detect a thermal void which is preferentially grown at the plasma 

induced defect site. A comparison of the IR images at 600 (Fig. 3.12 d), 800 (Fig. 3.12 e) 

and 9000 e (Fig. 3.12 f) indicates that once the size and shape of the voids are defined at 

600oe, they cannot be changed by thermal viscous flow because of high bonding strength 

at the surrounding area of the voids already formed at 600°C. The larger size of the 

bubbles in the SP AB compared to that of the O2 RIE processed interface is attributed to 

the presence ofN2 radicals in the SP AB. The N2 radicals produce highly reactive surfaces. 

The high chemical reactivity of the sequential plasma treated surfaces may adsorb higher 

amount of water molecules before bonding than the O2 RIE plasma activated surfaces, 

resulting in more H2 at the interface from Si oxidation and hence larger voids. 
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As previously seen, the thennal voids were grown preferentially at plasma induced defect 

sites on the activated surfaces. Therefore, the investigation of the voids nucleation 

associated with their transitions (i.e., abrupt changes) offers insight into the size and 

shape of the nucleated voids. Figure 3.13 shows the transitions of thennally nucleated 

voids at the SP AB interfaces as a function O2 RIE time and power at 600°C. Due to the 

dominant role of O2 RIE power in the void fonnation (as seen in Fig 3.7 f) in the SP AB, 

the dependence of the voids fonnation on the O2 RIE power was investigated after 

annealing the specimens in the inert media using nitrogen gas. On the other hand, the O2 

RIE time treated specimens were annealed in air to see the environmental influence on 

the bonded interface. The transitions of the voids nucleation for all the specimens 

regardless of RIE time and power occurred at 600°C except for the specimen treated with 

400 W O2 RIE. For the specimen treated with 400 W O2 RIE, the transition of the voids 

nucleation was occurred at 800°C. The results indicate that viscous flow of oxides is 

required for the transition of voids. Viscous flow of oxides occurs only when there is 

excess gas, which cannot be accommodated (i.e., trapped) at the defect sites. Therefore, 

the transition of voids for the specimen treated with 400 W O2 RIE did not happen at 

600°C due to existence of enough open space to accommodate the gas at the interface. 

The temperature dependent void evolution showed that the size of the thennal voids 

increased with the increase in O2 RIE power and time. 

Figure 3.14 shows the quantitative analysis of the voids density of (a) SPAB 

specimen (B2) compared with the only RIE bonded specimen (C) annealed in nitrogen 
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Figure 3.13: IR transmission images of all the specimens in groups A and B for 

transitions of voids nucleation of the SPAB interfaces at (a) 15 s, (b) 30 s, (c) 60 s in air 

for 4 hours at 600°C and (d) 200 W, (e) 300 W, (f) 400 W (800°C) in nitrogen ambient 

for 4 hours at 600°C. 

gas, (b) O2 RIE time dependent specimens (AI, A2, A3) annealed in air, and (c) O2 RIE 

power dependent specimens (B1, B2, B3) annealed in nitrogen gas as a function of 

annealing temperatures. The void density was estimated from the IR images printed on 

scaled paper. A few percents of discrepancy may exist in the estimation of the void 

density due to human errors. From figure 3.14 (a), no significant change in the void 

density \X/as observed bep1,'een the O2 RIB bonded and SP i\B h"tlterfaces. On the other 

hand, the O2 RIE time (Fig 3.14 b) and power (Fig. 3.14 c) dependent behavior of the 

void density in the SP AB interfaces showed that the plasma void density remained 
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constant up to 400°C, and the thennal void density suddenly increased for all the 

specimens at 600°C except for the specimen (B3) treated with an 02 RIB power of 400 W 
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Figure 3.14: Void density in (a) SPAB specimen (B2) compared with that of in only 

RIB bonded specimen (C) annealed in nitrogen gas, (b) O2 RIB time dependent 

specimens (AI, A2, A3) annealed in air, and (c) O2 RIB power dependent specimens 

in nitrogen. For specimen B3, thennal void nucleation started at 800°e. Below 400°C, 

the void density for the specimens (Fig. 3.14 c) annealed in N2 gas was higher than that 
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of the specimens (Fig. 3.14 b) annealed in air. Further researches are needed to clarify the 

role of annealing environment on the nucleation of voids. Above 600°C, the amount of 

thermal voids density for the specimen A2 was higher compared with that of the B 1 

I specimen. This higher amount of void density was caused by higher activation time ofN2 

radicals (30 s) for the specimen A2. The O2 RIB plasma activation time for Al and A2 

were 15 and 30 s, respectively that were not sufficient to remove native oxides and 

surface particles from Si surface. This remaining native oxides and surface particles 

worked as precursor for the enlargement of the voids. On the other hand, the specimen 

A3 treated for 60 s had lower saturated void density at and above 600°C. This is 

attributed to the better removal of native oxides and surface particles due to the prolonged 

surface activation. In addition, it has been reported that plasma activation not only 

removes native oxides but also deposits an oxide layer on the treated surface [51]. This 

plasma induced oxide layer (which grows with activation time) helps absorb reaction 

byproduct at the interface and thus reduces void density [71]. 

3.4.2 Influence on Bonding Strength 

Bonding strength is one of the important parameters for actual device fabrication 

process. For example, in smart-cut and back end thinning process, high bonding strength 

is required to withstand the chemical mechanical polishing (eMP). Figure 3.15 shows the 

bonding strength in SP AB as a function of annealing temperature. The bonding strength 

was measured 2-3 times for each specimen and the average values are shown with 
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appropriate error bars. For comparison, the bonding strength in hydrophilic bonding [7] is 

also shown in figure 3.15. The bonding strength in SPAB was as high as 15 MPa before 

annealing in contrast to 0.5 MPa in hydrophilic bonding (about 30 times higher in 
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Figure 3.15: Bonding strength as a function of annealing temperature for SP AB and 

hydrophilic bonding. 

SP AB). The bonding strength in hydrophilic bonding after annealing at 1100De was 

equivalent to that in SP AB without annealing. The bonding strength in hydrophilic 

bonding increased at different slop after annealing. In contrast, the bonding strength in 

SP AB remarkably decreased after annealing over 300De. In hydrophilic bonding, the 

bonding strength was increased with annealing temperature due to the shrinkage of chains 

of OH- molecules [7]. The decrease in bonding strength in SPAB over 300D e can be 

attributed to .the generation of thermal induced voids at the interface. This high bonding 
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strength in SP AB without annealing (room temperature) is attributed to the covalent 

bonding between the atoms of the clean, smooth, hydrophilic and reactive surfaces. 

3.4.3 Influence on Electrical Characteristics 

The analysis of the electrical characteristics of the bonded interface upon post

bonding annealing allows us to further understand the defects and interface states and 

charges. It has been reported that the density of the interface states changes with the 

lateral positions of the bonded pair [67]. To avoid this issue, a single bonded pair with 10 

x 10 mm2 dimension was used for the I- V measurement at different temperatures instead 

of four different bonded pairs. The I- V characteristics of the bonded pair were measured 

at room temperature without annealing followed by annealed measurements at 200, 400, 

and 600oe, respectively. At each temperature step, the electrodes were removed before 

annealing. Each time an annealing process was completed, the specimen was cooled and 

the I-V curves were measured accordingly. The ramping rate was kept constant at 2000 e 

per h, and the bonded pair was annealed for 4 hours in air at all three temperature steps. 

For the sequential activation, the wafer surfaces were processed by a 200 W O2 RIB 

plasma for 60 s at 100 Pa, and then they were subsequently processed by 2000 W MW N2 

radicals for 30 s at 100 Pa. Figure 3.16 (a) shows the I-V characteristics of the 

sequentially plasma activated p-Si/p-Si bonded interface before and after annealing at 

200, 400, and 6000 e for 4 hours in air. The I- V measurements were repeated three times 

and the average values are given in figure 3.16 (a). The measurement errors 
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Figure 3.16: (a) Current-voltage characteristics, and (b) barrier height of sequentially 

plasma activated p-Silp-Si bonded interface at RT and after annealing at 200, 400, and 

600°C for 4 hours in air. 

associated with this experiment were ± 10%. The barrier height shown in figure 3.16 (b) 

at the bonded interface was estimated using equation 3.2. The I-V characteristics show 

that the current density remarkably reduces after annealing at 200°C. The subsequent 

annealing steps at 400 and 600°C enhance the current density. The interfacial behavior 

can be explained with the discrepant behavior of charges and trap densities at different 

temperatures. As previously mentioned, the plasma induced charges as well as the 

OR-groups and the incomplete nitridation reactions between nitrogen plasma and Si, can 

be attributed to the highest current density without annealing. This incomplete nitridation 

acts as trapping centers. 

Annealing at 200°C, we observed that some of the OH-groups diffuse from the 

interface, expand into the bulk Si, and increase traps at the interface. The increased traps 
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reduce the interface current density, resulting in increased barrier height at 200oe. 

Further annealing at 4000 e and 600oe, the OH- desorbed from the bulk Si, which 

decreased the barrier height [72]. The barrier height estimation in figure 3.16 (b) is 

i somewhat higher than the actual value due to the contact resistance between silver paste 

and Si. However, for this comparative study, this additional contribution can be ignored. 

It is worth mentioning that since nitrogen atoms are not accelerated by De bias, they 

cannot penetrate Si lattice and act as dopant. On the other hand, oxygen atoms are 

accelerated by De bias and hence can reside in a shallow surface layer (l~2 nm) and act 

as dopant [73]. 

3.4.4 Influence on Interface Morphology 

The post-bonding annealing can change interface morphology and hence the 

bonding quality. To clarify the influence of annealing on the morphology of the bonded 

interface, high resolution transmission electron microscopy (HRTEM) of the bonded 

specimens was performed. Four 2 x 2 mm2 specimens were used. The first specimen did 

not go through any annealing steps. The three remaining specimens were each heated at 

an annealing temperature of 200oe, followed by the two remaining specimens at 4000 e 

and the last remaining at 600oe. At all three temperatures the specimens were annealed 

for 4 hours in air with a ramping rate of 2000 e per hour. With each point of temperature 

increase, one new specimen was removed for observation. For the sequential activation, 

the wafer surfaces were processed using the parameters utilized for the experiments as 

shown in figure 3.16. Figure 3.17 shows the HRTEM images of p-Si/p-Si sequential 
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plasma activated bonded interfaces. The HRTEM images show the presence of an 

intermediate amorphous layer at the bonded interface. The specimen which did not 

undergo annealing has an interface amorphous layer thickness of ~4.8 nm. The HRTEM 

images show that the amorphous layer thickness remains constant at ~4.8 nm after 

annealing at 200 and 400°C. However, the specimen annealed at 600°C has an 

amorphous layer of ~ 13 nm thickness. While the amorphous layer remained constant up 

to 400°C, the interface current density significantly reduced (figure 3.16 a) after 

annealing at 200°C. Then the current density increased at 400°C and 600°C, but the 

amorphous layers thickness increased at 600°C. Therefore, no relationship was found 

between the amorphous layer thickness and the J-V characteristics (figure 3.16 a) of the 

bonded interfaces at different annealing temperatures. 

The abrupt change in the amorphous layer at 600°C can be correlated with the 

abrupt change in void density after annealing at 600°C as shown in figure 3.14. At 600°C, 

two concurrent phenomena: (1) The breaking of SiOxNy and (2) viscous flow of H2 gas 

generated from adsorbed H20 from bulk Si, are responsible for the sudden increase in 

amorphous layer thickness. The following two reactions occur at 600°C that increase the 

interfacial Si oxide layers: 

SiOx + Ny 

Si + 2H20 ---7 Si02 + 2H2 

(3.3) 

(3.4) 

These reactions produce nitrogen and hydrogen gases at the bonded interface. 

Since the amount of nitrogen was reported to be negligible on the sequentially treated 
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- :~ 

Figure 3.17: High resolution TEM images of the bonded Si/Si interfaces (a) before 

annealing, and after annealing at (b) 200oe, ( c) 400oe, and (d) 6000 e 

surface [40], VISCOUS flow of hydrogen gas may have had a dominant role on the 

increased thickness of the amorphous layers. Additional contribution to the increased 

thickness can be attributed to the diffusion of oxygen interstitials from bulk Si to the 

interface because of high concentration of oxygen interstitials in ez Si [74]. 
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Figure 3.17: High resolution TEM images of bonded Si/Si interfaces (a) before 

annealing, and after annealing at (b) 200oe, ( c) 400oe, and (d) 600°C. 

surface [40], VISCOUS flow of hydrogen gas may have had a dominant role on the 

increased thickness of the amorphous layers. Additional contribution to the increased 

thickness can be attributed to the diffusion of oxygen interstitials from bulk: Si to the 

interface because of high concentration of oxygen interstitials in ez Si [74]. 
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Figure 3.18: (a) Scanning TEM image of the bonded interface of specimen shown in 

Fig.3.17 (d), (b) compositional distribution along the red line shown in (a) by the EELS 

analysis. 

The Si/Si bonded interface has been investigated through electron energy loss 

spectroscopy (EELS) to determine the nano-interface compositions after annealing. 

Figure 3.18 shows (a) Scanning TEM image of the bonded interface of the specimen 

shown in figure 3.17 (d), (b) the EELS for detection of elements at the interface. The 

STEM image shows ~ 13 nm interfacial amorphous layer at the bonded interface. From 

the EELS spectra, no nitrogen was detected at the bonded interface. Both the Si-L2,3 

edges at 125-175 eV and the O-K edges at 540-560 eV were observed at amorphous 

oxide layer of the interface. A further analysis of the Si-L2,3 of amorphous oxide 

compared with Si and Si02 provides the characteristic behavior of amorphous layer at the 

interface. Fig 3.18 (b) shows the Si-L2,3 edges from the interfacial amorphous oxide layer 

compared with the standard Si and Si02• The Si-L2,3 edges from the amorphous layer 
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were identical to those of the standard Si02 at the bonded interface. This implies Si02 is 

present at the interface. This is because of the annealing of specimen at 200, 400 and 

600°C for 4 hours at each step in air. 

3.5 SP AB Mechanism 

Based on the results presented in this chapter, the SP AB mechanism IS 

summarized and schematically presented in figure 3.19. The SP AB mechanism IS 

fundamentally similar to the hydrophilic bonding mechanism. ill the hydrophilic bonding, 

at room temperature the wafer surfaces adhere each other through weak hydrogen bonds 

of hydroxyl groups (OH-). High temperature annealing is required to remove interfacial 

water; which results in strong covalent bond. In contrast, in case of SP AB, strong 

covalent bonding was achieved at room temperature after storage for 24 hours. This 

strong bonding in SP AB at room temperature can be explained as follows. The O2 RIB 

plasma activation removes native oxides, contaminations and leads to a smooth surface, 

as observed in section 3.2. This results in a large number of OH- groups on the activated 

surfaces (see figure 3.19 c). The presence of OH- groups resulted in low contact angle 

after O2 RIB activation. Further, as shown in figure 3.6, the physical sputtering of RIB 

plasma creates a porous surface. Subsequent activation with MW N2 radicals (i.e. 

sequentially activated surface) enhanced the surface reactivity through replacing the OH

groups by oxinitride (OxNy) sites (see figure 3.19 d). The enhanced reactivity of the 

sequentially activated surface was proved by the lowest contact angle, as shown in figure 

3.2. 
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OH OH OH OH OH OH OH OH 
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(e) surface covered with water 

(g) at room temperature, the 
interfacial water diffuses into 
bulk due to plasma induced 
porous surface 

Free bonds 

(b) after O2 RlE plasma activation 

(d) after MW N2 activation 
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bonding at room temperature 

(h) after 24 h storage at room 
temperature, strong covalent 
bonding achieved. 

Figure 3.19: Schematic ofSPAB mechanism. 
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In clean room ambient, the highly reactive surface (terminated by OxNy) is further 

terminated by OH- groups and acts as precursor to initiate the spontaneous bonding, as 

shown in figure 3.19 (e). When two activated surfaces are brought into contact, they 

adhere each other through weak hydrogen bonds between OH- groups, as shown in figure 

3.19 (t). The condensation of OH- results in water (H20) at the interface, as shown in 

figure 3.19 (g). Due to the surface porosity, after storage for 24 hours at room 

temperature, the interfacial water diffuses into the bulk silicon. The role of reactivity 

induced by N2 radicals was to make faster reactions between the mated surfaces for 

strong bonding. Hence, strong covalent Si-OxNy-Si bonding was achieved at room 

temperature. 

However, when the bonded pair underwent post-bonding annealing steps, the 

nucleation of voids started. The interfacial voids were due to the plasma induced defects 

(Fig. 3.7) and hydrogen gas produced due to the reaction at the bonded interface 

(Equation 3.4). The interfacial reaction at high annealing temperature resulted thick 

amorphous Si oxide layer, as shown in figure 3.17 (d). Due to the nucleation of interfacial 

voids and brittle oxide layer at the interface the bonding strength decreased after high 

temperature annealing, as shown in figure 3.15. 

3.6 Applications of SP AB for Nano-integration 

Recently, wafer bonding has gained remarkable attention to create nano-scale 

devices such as carbon nanotube (eNT) based MEMS (i.e., microcoolers) [75] and 

ordered templates to realize self-assembly of molecules, nanowires (NW s) or quantum 
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dots (QDs) [2, 76]. To bond these nanostructures (i.e., CNTs, NWs, QDs), current wafer 

bonding methods utilize wet chemical processes, high temperature annealing steps and 

external forces to achieve high bonding strength. A number of researches on integration 

of nanostructures have been reported using diffusion, adhesive, chemical, ultrasonic 

vibrational force, thermo-compression and electro-thermal bonding methods [59, 75-80]. 

The issues in these methods are: (1) high bonding temperature and external force may not 

be suitable for bonding nanostructures due to their delicate nature, (2) adhesive bonding 

results in reduced current transport and reduced mechanical stability (3) the wet chemical 

processes before bonding may not be applicable towards bonding chemically sensitive 

delicate materials with substrates that contain metals. 

In contrast to the prevalent bonding, the SP AB allows spontaneous bonding at 

room temperature and it does not require any wet chemicals, intermediate adhesives, 

external forces and annealing steps to achieve high bonding strength. At room 

temperature, the bonding strength in SP AB is higher than the bonding strength in 

hydrophilic bonding after annealing at 1000ae. Hence, the SP AB can open up 

opportunities for room temperature spontaneous integration of nanostructures on the 

wafer scale. 

3.7 Conclusions 

A sequentially plasma activated bonding (SP AB) of Si wafers has been studied to 

facilitate the spontaneous bonding required for nanostructure integration on wafer scale. 
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The O2 RIE and MW N2 offered the highest hydrophilic surface and lowest surface 

roughness and hence this combination was chosen for sequential plasma activation. 

The IR transmission images showed plasma induced voids at the bonded interface . 

The O2 RIE plasma power had dominant role on the formation of voids compared to O2 

RIE time. The plasma induced defect sites such as nano-pores and craters were 

responsible for nucleation of voids for the specimens treated relatively with high power 

(i.e., 400 W). 

The J- V measurements showed that the current transport across the nano-bonded 

interface could be improved by decreasing the O2 RIE activation time. A strong 

relationship between bonding strength and voids was observed after annealing. The 

nucleation of thermal voids for all specimens regardless of O2 RIE time and power 

occurred at 600°C except for the specimen treated with 400 W O2 RIE which was 

appeared at 800°C. Thermal void nucleation was preferentially at the plasma induced 

defect sites. The abrupt increase in void density at 600°C is correlated to the abrupt 

increase in interfacial amorphous layer thickness at 600°C. 

HRTEM images confirmed the nanometer scale bonding of the mating wafers 

with an interface amorphous layer thickness of ~4.8 nm. EELS results revealed the 

presence of Si02 at the nano-bonded interface. Our investigations show that the proper 

choice of plasma parameters can offer highly reactive surface associated with improved 

current transport which is required for spontaneous integration of nanostructures at room 

temperature. 
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CHAPTER 4. SEQUENTIALLY PLASMA ACTIVATED BONDING 

OF SILICON/GLASS AND GERMANIUM/GLASS 

4.1 Introduction 

Currently micro/nano-scale lab-on-a-chip devices have found potential 

applications in separation, sensing and analysis of chemicals (i.e. hydrocarbons, 

pesticides) and biological species (i.e., DNA, enzymes) [81-83]. One of the requirements 

for these devices is to utilize excellent physical and chemical properties of silicon and 

glass. Silicon (Si) is the most researched material in electronics, which has high thermal 

conductivity (~130 Wm-IoC- l
) with improved on-chip heat dissipation and high 

mechanical stability [84]. On the other hand, glass is a low cost material with high 

biocompatibility, optical transparency, hydrophilicity, good dielectric property in a wide 

range of frequency, high chemical and heat resistivity, and high mechanical strength [85-

86]. Combining Si with glass through direct bonding allows creating a Si platform 

required for the integration of future micro/nano-scale electronic or optical sensing 

devices. One of the approaches for combining Si with glass is the anodic bonding 

technique. However, the high temperature and high voltage requirement of anodic 

bonding hinders its applicability for the integration of micro/nano-scale delicate 

structures. Hence, a low temperature bonding technique for Si/glass is needed for the 

integration of micro/nano-scale sensing devices. 

On the other hand, germanium (Ge) has recently drawn considerable interest for 

the fabrication of photo detectors for long distance optical communication systems 
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operating in 1300-1550 run wavelength range. This is because of large absorption 

coefficient of Ge at near infrared frequency range [87]. Furthermore, being a group-IV 

material, Ge is compatible with Si technology and offers high carrier mobility. Therefore, 

Ge on Si (GaS) technology is competing with III-Von Si technology [88]. The GaS 

technology has been implemented for photodetector fabrication by epitaxial growth of Ge 

on Si at temperatures in the range of 700-900°C [89]. However, epitaxial growth of Ge is 

not preferable because of the incompatibility of high temperature with microelectronics. 

Also, this process is expensive and creates high concentration of misfit and threading 

dislocations in the deposited Ge film due to large lattice mismatch (4.2 %) between Ge 

and Si. The dislocations create large dark current and reduce the detector sensitivity [90-

92]. In contrast, wafer direct bonding and layer splitting process allow thin film of Ge 

with bulk properties on a variety of substrates. For example, direct bonding of Ge and 

glass can find application in fiber optic receivers, where Ge photodetector bonds with 

fiber end. Recently, Ge-on-glass photo detector has been realized using wafer bonding [88, 

93]. However, moderate temperature (~400°C), chemical, and prolonged annealing (~8 

hours) were needed. In fact, prolonged annealing at moderate temperature creates thermal 

stress, interfacial voids and hence not preferable for delicate structures and materials with 

large difference in thermal expansion coefficient [94]. Chemical sensitivity of Ge hinders 

the applicability of these bonding techniques [95]. Furthermore, prolonged annealing 

reduces device throughput. Hence, a low temperature, chemical free, void-free, robust 

and fast bonding technique for improved bonding quality of Ge and glass is needed for 

practical applications. 

79 



M. G. Kibria - M.A.Sc. Thesis - Electrical and Computer Eng. - McMaster University - 2010 

In order to reduce the high temperature requirements and to achieve void-free and 

strong bonding, a novel bonding technique has been developed by modifying sequentially 

plasma activated bonding (SP AB). The SP AB has been combined with anodic bonding 

process and termed as hybrid plasma bonding (HPB) technique. This chapter discusses 

the results of Si/glass and Ge/glass bonding using HPB technique. The surface properties 

of Si, Ge and glass have been revealed using drop shape analysis and atomic force 

microscopy (AFM). The bonding qualities have been explored using tensile pulling test 

and IR observation. Further, the nano-bonded interface has been investigated using high 

resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray 

analysis (EDX). 

Note that the results presented in this chapter are published in two peer reviewed 

journal articles [96-97]. The published results are a part of the motivations of the thesis, 

and hence the write-up sequence of the thesis is different from the published articles. For 

both articles in Ref: [96], [97], I was primarily responsible for literature search, for 

writing the manuscript and partially for the experiments. 

4.2 Hybrid Plasma Bonding (HPB) of Silicon/Glass 

Anodic bonding has been used for bonding Si and glass since mid '60s. In anodic 

bonding, the Si and glass wafers are contacted and then heated in the temperature range 

of ~800°C. At these temperatures, the alkaline cations in glass become mobile. Then an 

external DC voltage of 400-1000 V is applied keeping glass at the cathode and Si at the 

anode side (see Fig. 2.2) [98]. The mobile cations transport toward the cathode and a 
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depletion layer is formed near the bonded interface. The transportation of cations results 

in a high electrostatic force which pulls Si and glass wafers. Thus a high bonding strength 

is achieved due to high electrostatic force. Major challenges in the Si/glass bonding using 

the anodic bonding techniques are the presence of voids and low bonding strength of the 

interface at low temperature (i.e., 150-200DC). These challenges pose difficulty to 

fabricate Si and glass based micro/nano-scale devices with micro/nano-fluidic channels 

for single cell analysis, and separation of DNA molecules [99]. 

Recently, anodic bonding requires heating the contacted wafers at moderate 

temperature (300~500DC) in order to achieve void-free interface with high bonding 

strength (i.e., 10-15 MPa) [98]. In addition to the temperature requirement, other 

approaches, such as adhesive, laser, induction heating, fusion, glass frit, eutectic and 

solder bonding require chemicals, and high external force for bonding [100-101]. The 

high temperature hinders bonding of nanostructures (i.e., nanofluidic channel with 

integrated nanotubes [102]) due to wafer bow caused by thermal stress [103] and poses 

design constraints for devices with aluminum or copper integrated circuits [98]. In order 

to reduce the bonding temperature with improvement of bonding strength, Si and glass 

surfaces were treated with plasma followed by anodic bonding. The bonding strength 

achieved through this process was very low (~3.3 MPa) [104], which need to be 

improved for practical applications. Furthermore, surface roughness controls bonding 

strength as well as nucleates voids at the interface [105]. Rough surface reduces optical 

transparence of glass (i.e., at extreme ultraviolet wavelength) [106], which is crucial in 

applications where transmitted and reflected optical signals are used for the analysis of 
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chemical or biological species [83, 107]. These issues have not been yet addressed for the 

realization of the micro/nano-scale lab-on-a-chip devices. 

I To address the above mentioned issues caused by high temperature bonding, the 

j HPB technique is developed. The HPB consists of three steps: (1) surface activation by 

O2 RIE plasma, followed by (2) surface activation by MW N2 radicals and (3) then 

contacting the activated wafers followed by anodic bonding in air. The anodic bonding 

temperature was kept as low as 200°C with 1 KV applied voltage. The surface properties 

of Si and glass have been investigated to understand the role of plasma activation on 

these surfaces. 

4.2.1 Surface Hydrophilicity 

To understand the role of plasma activation in the hybrid plasma bonding, the 

contact angles of water on plasma treated Si and glass surfaces were studied. Figure 4.1 

shows the contact angle of both Si and glass wafers before and after plasma activation. 

Contact angles of both Si and glass surfaces significantly decreased after RIE and 

sequential plasma activation. This implies an increase in surface energy and improvement 

in bonding strength. When these reactive surfaces were brought in contact, the OH-

groups of the mating surfaces attracted each other forming a high bonding strength at 

room temperature. Plasma activation not only changes surface hydrophilicity, but also 

changes surface roughness of Si and glass. The influence of plasma activation on Si and 

glass surface roughness has been investigated and discussed in the following section. 
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Figure 4.1: Contact angle of water on Si and glass before and after plasma activation. 

4.2.2 Surface Roughness 

Surface roughness of Si and glass was measured before and after plasma 

activation to explore the role of plasma activation. Figure 4.2 shows AFM images ofSi (a) 

before plasma activation, (b) after RIE plasma activation (c) after sequential plasma 

activation and AFM images of glass (d) before plasma activation, ( e) after RIB plasma 

activation (f) after sequential plasma activation. The RMS value of surface roughness 

was measured at three locations for each specimen and the average value was estimated. 

Table 4.1 shows the RMS surface roughness of Si and glass before and after plasma 

activation. 
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Table: 4.1 The RMS surface roughnesses of Si and glass wafers. 

RMS Surface Roughness [run] 

Specimen Before plasma After RIE plasma After sequential 
activation activation plasma activation 

Si 0.15 0.19 0.18 

Glass 0.52 0.48 0.46 

(a) (b) (c) 

(d) (f) 

FiguTe 4.2: j\~I\1 images of Si (a) before plasma activation, (b) after PJE activation, (c) 

after sequential plasma activation, and of glass (d) before plasma activation, ( e) after RIE 

activation, and (f) after sequential plasma activation. 
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Although the surface roughness of Si was increased after plasma activation, the 

surface roughness of glass was reduced. This is presumably due to the discrepant etching 

behavior of Si and glass by the RIE plasma. In contrast to Si, Pyrex glass surface had ~3-

5 nm size pits. This surface defects were similar to the plasma induced defects such as 

nanopores and craters on Si surface which induced voids at the Si/Si interface (Fig. 3.6). 

To compare the results of HPB with those of anodic bonding, the Si and glass 

wafers were first anodically bonded at different bonding temperatures. The following 

section discusses the role of anodic bonding temperature on the interfacial voids. 

4.2.3 Role of Anodic Bonding Temperature on Interfacial Voids 

To understand the role of anodic bonding temperature on interfacial voids, Si and 

glass wafers were first bonded using anodic bonding technique. Figure 4.3 shows the 

optical images of Si/glass specimens anodically bonded at (a) 100 (b) 150 and (c) 200°C. 

Voids were present at the interfaces regardless of the bonding temperature. The sizes of 

the voids were decreased, but their numbers were increased with the increase in the 

bonding temperature. The anodic bonding currents were zero, 0.01 and 2.9 rnA at 100, 

150 and 200°C, respectively with an applied voltage of 1 KV. At 200°C, the current was 

decreased to zero after 10 min. These results indicate that the anodic bonding alone does 

not provide void-free interface at low temperature. This result is in agreement with the 

behavior of temperature dependent voids at the Si/glass interface [108]. In general, the 

interfacial voids are attributed to (i) hydrogen gas (H2) from Si oxidation reaction 

(Si+H20-Si02+H2) by the adsorbed water (H20) on Si and glass wafers or by the water 
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produced at the interface when silanol bonds (Si-OH) are condensed to form siloxane 

bonds (Si-O-Si), (ii) the entrapment of gas between various bond fronts [98], (iii) the 

presence of particles at the interface and (iv) surface defects. The decrease in voids' size 

Figure 4.3 Optical images of Si/glass wafers anodically bonded at temperature of 

(a) 100, (b) 150, and (c) 200oe. 
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and density, as shown in figure 4.3 (c), is due to the presence of carbon contaminants, and 

H2 caused by temperature enhanced oxidation reaction. The reduction of the voids' size 

with the increase in the temperature is presumably due to the lack of coalescence of voids 

j caused by increase in bonding strength. To achieve void-free interface of Si/glass at low 

temperature, different combinations between plasma activation and anodic bonding have 

been systematically investigated. The following section discusses the role of plasma 

activation on interfacial voids. 

4.2.4 Role of Plasma Activation on Interfacial Voids 

Figure 4.4 shows the optical images of the Si/glass wafers bonded using (a) (i) the 

RIE plasma activated bonding at room temperature, (ii) the RIE plasma activated anodic 

bonding at 200°C, (b) (i) the SP AB at room temperature, (ii) the sequential plasma 

activation followed by anodic bonding (i.e., HPB) at 200°C. A comparison of the bonded 

interfaces in the RIE plasma activated bonding (Fig. 4.4 a (i)), and RIE plasma activated 

anodic bonding at 200°C (Fig. 4.4 a (ii)) showed fewer voids at latter interface. After the 

SP AB (Fig. 4.4 b (i)), the voids were reduced compared to that of the RIE plasma 

activated bonding. However, void-free interface was achieved at 200°C in the HPB, as 

shown in figure 4.4 b (ii). Note that the anodic voltage was I KV. To compare the 

bonding strengths of hybrid plasma bonded Si/glass interface with those of anodic 

bonding, RIE plasma activated bonding, RIE plasma activated anodic bonding and SP AB 

methods, tensile pulling test was performed for all type of specimens. The following 

section discusses the role of plasma activation on the bonding strength. 
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(a) 

(b) 
Figure 4.4: Optical images of Si/glass wafers bonded through (a) (i) RIE plasma activated 

bonding, (ii) RIE plasma activated anodic bonding at 200°C, and (b) (i) SP AB, (ii) HPB at 

200°C. 

4.2.5 Role of Plasma Activation on Bonding Strength 

Figure 4.5 shows a comparative study of bonding strength of Si/glass in the HPB, 

anodic bonding, RIE plasma activated bonding, RIE plasma activated anodic bonding, 
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and SP AB methods. In the RIE plasma activated bonding and SP AB methods, the 

specimens were not heated. In the anodic bonding, while the bonding strength was 

significantly improved from 100 to 150°C, it was not considerably changed from 150 to 

200°C. The bonding strength of the specimens in the RIE plasma activated anodic 

bonding at 200°C was 15 MPa, which was higher than that of the anodic bonding. On the 
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Figure 4.5: Bonding strength as a function of different bonding conditions. 

other hand, the bonding strength in the HPB at 100°C was comparable to that of the 

anodic bonding at 150 and 200°C, but lower than that of the RIE plasma activated anodic 

bonding at 200°C. With the increase of the bonding temperature in the HPB, the bonding 

strength was drastically increased. This increase in the bonding strength is in contrast to 
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Figure 4.6: Fracture images of Silglass bonded using (a) the RIE plasma activated anodic 

bonding at 200oe, and (b) the HPB at 200oe. 

the increase of the bonding strength in the anodic bonding after plasma activation [104]. 

At 200oe, the bonding strength in the HPB was 30 MPa, which was highest compared to 

that of the anodic, and individual plasma activated bonding and the RIE plasma activated 

anodic bonding. To the best of my knowledge, the bonding strength was the highest (~30 

MPa) number compared to the reported values achieved through the conventional anodic 

bonding. Figure 4.6 shows the fracture images of Silglass bonded using (a) the RIE 

plasma activated anodic bonding at 2000 e and (b) the HPB at 200oe. The fracture images 

showed a partial fracture and a complete fracture of glass in the RIE plasma activated 

anodic bonding and the HPB, respectively, as shown in figure 4.6 (a) and 4.6 (b). It also 

showed that the fractured glass was remained on Si wafer after the bonding test. On the 

other hand, in case of anodic bonding, no bulk fracture was observed (not shown). 

Anodic bonding at all three temperatures (i.e., 100, 150 and 2000 e) resulted in debonding 
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from the interface after tensile pulling test. In case of HPB, bulk fracture of glass 

occurred at 150°C (not shown) and 200°C (4.6 b) because of high bonding strength of the 

interface. This indicates that the bonding temperature has strong impact on the bonding 

strength. In this study, the impact of the applied voltage on the bonding strength was not 

investigated. This is because the earlier simulation results showed that the bonding 

temperature has higher impact over applied voltage on electrostatic force in the anodic 

bonding. While an increase in applied voltage from 0.2 KV to 1 KV increased the 

electrostatic force by thirty times, an increase in bonding temperature from 300 to 400°C 

increased the electrostatic force by six orders [109]. This implies strong bonding is due to 

temperature dependent high electrostatic force. In contrast to the high bonding strength 

(10-15 MPa) in the temperature range of 400-500°C [98], a higher bonding strength (~30 

MPa) was achieved in this study at a reduced temperature (i.e., 200°C). The applied 

voltage was 1 KV. This enhancement of the bonding strength is caused by the sequential 

plasma activation. The sequential plasma activation removes contaminations and native 

oxides that resulted in high electrostatic force under the application of voltage at low 

temperature. Further, the high bonding strength in HPB is attributed to the increase in 

hydrophilicity of Si and glass surface, as observed in figure 4.1. 

To find insights into the HPB mechanism, the interface of the hybrid plasma 

bonded Si/glass has been investigated using HRTEM. The results are discussed in the 

following section. 
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4.2.6 Nanointerface Observation 

In order to observe the combined effect of plasma activation and electrostatic 

force, the hybrid plasma bonded Si/glass interface has been investigated using a HRTEM. 

(a) (b) 

Figure 4.7: HRTEM images with (a) low, and (b) high magnifications. A ~353 urn thick 

bright depletion layer in the glass and an indistinct dark edge of Si near the interface are 

observed. 

Figure 4.7 shows the HRTEM images of hybrid plasma bonded (2000 e) Si/glass 

interface with (a) low magnification, (b) high magnification. From the low magnification 

image, a ~353 urn thick layer was identified in glass. This layer was brighter than bulk 

glass and Si, which was identified as sodium depletion region using EDX spectra [110]. 

The higher brightness was attributed to the smaller mean atomic number of the depletion 

region compared to that of the bulk glass, caused by the migration of sodium and 

potassium cations [98]. The width of this sodium depletion layer in this study was less 
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compared to the most published results [110]. This can be attributed to the low bonding 

temperature (200°C) in this study compared to ~350-500°C used in previous studies [98]. 

The dark band at the edge of depletion region in glass was due to the accumulation of less 

mobile potassium cations [98]. From the high magnification image (Fig. 4.7 b), a ~2-3 

nm thick indistinct layer was observed at the bonded interface. This is because of the 

charging of the glass wafer during TEM specimen preparation. 

4.3 HPB of Germanium/Glass 

Hybrid plasma bonding has been used for bonding Ge/glass at low temperature. 

High bonding strength at low temperature is essential in Ge layer transfer to glass through 

back end thinning process. While Ge bonding with Si and glass has been implemented in 

the fabrication of optical devices [88, 91-93] and it has tremendous need in emerging 

applications such as optical biosensing system [83], low temperature bonding of Ge and 

glass has not been yet investigated. The following subsection reports a chemical free, 

strong and fast HPB of Ge and glass at 200°C. The plasma parameters used here are same 

as those used for bonding of Si and glass. 

4.3.1 Surface Hydrophilicity 

To explore the hydrophilicity of Ge and glass, contact angle measurements \x/ere 

performed after each step of plasma activation. Table 4.2 shows the contact angle of a 
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drop of DI water droplet (10~L) on Ge surface before plasma activation, after the RIB 

plasma activation and after the sequential plasma activation. 

Table: 4.2 The contact angle ofDI water on Ge wafer. 

Contact angle [0] 

Specimen Before plasma After RIE plasma After sequential 
activation activation plasma activation 

Ge 68 <2 <2 

Before activation the water contact angle on Ge surface was 68 degrees and it was 

below the detection limit of the instrument after the RIB and the sequential plasma 

activation. This result is consistent with recently reported results on Ge surface 

hydrophilicity [41]. On the other hand, the contact angle on glass surface was 29, 25.3 

and 17.7 degrees before activation, after the RIE plasma activation and after the 

sequential plasma activation, respectively as shown in figure 4.1. From the Young's 

equation in equilibrium [41], the lower the contact angle, the higher the surface energy. 

This implies that the high bonding strength of Ge/glass interface in hybrid plasma 

bonding is due to the increase in surface energy after sequentially plasma activation. 

4.3.2 Surface Roughness 

The characteristic behavior of surface controls the bonding performance. For 

practical applications such as optical biosensing system [111], the surface roughness of 

glass needs to be kept as low as possible in order to achieve high reflectivity of the 
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surface [112]. Figure 4.8 shows the AFM images of Ge before plasma activation, after 

RIE plasma activation and after sequential plasma activation. Table 4.3 summarizes the 

RMS surface roughness of Ge. 

w ~ W 
Figure 4.8: AFM Images of Ge (a) before plasma activation, (b) after RIE plasma 

activation, and (c) after sequential plasma activation 

Table: 4.3: The RMS surface roughness of Ge wafer. 

RMS Surface Roughness [nm] 

Specimen Before plasma After RIE plasma After sequential 
activation activation plasma activation 

Ge 0.24 0.25 0.20 

The surface roughness of glass (Table: 4.1) was relatively higher than that of Ge 

(Table: 4.3). This was due to the sensitivity discrepancy between the alkaline and silicate 

elements of glass to eMF. This results in nanodefects on glass surface in contrast to Si 

[113]. These nanodefects cause voids at the bonded interface. In fact, the surface 

roughness of the sequential plasma activated Ge and glass was remarkably reduced. The 

decrease in surface roughness improved the surface energy and the bonding strength 
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[110, 114]. This reduction is attributed to removing surface contaminations, and native 

oxides. The improved surface roughness indicates that the HPB of Gel glass can be used 

for the level-free detection of biological species using optical biosensing system. 

4.3.3 Interfacial Voids and Bonding Strength 

Figure 4.9 (a) shows the optical image of the hybrid plasma bonded Ge/glass 

wafers. Although voids were observed at the interface in the SP AB before the anodic 

treatment, a nearly void-free interface was achieved in the HPB. This is attributed to 

absorption of voids in the interfacial oxide. The voids remained were presumably due to 

the presence of particle on the activated surface and entrapment of air at the interface due 

to plasma induced surface defects. The bonding strength of Ge/glass interface was 

investigated by tensile pulling test. The bonding strength was 9.1 MPa. Figure 4.9 (b) 

shows the fracture image of bonded Gel glass interface after tensile pulling test. The 

images show a partial fracture in the bulk: of Ge. It also shows that the fractured Ge was 

remained on glass wafer after the tensile pulling test. The bulk: fracture of Ge is due to the 

higher strength of the bonded interface than Ge bulk. This high bonding strength of the 

interface is due to the highly hydrophilic and smooth surfaces of Ge and glass after 

sequential activation as shown in Table 4.2 and Table 4.3. The lower bonding strength of 

the Ge/glass (~9.1 MPa) interface than the Si/glass (~30 MPa) interface is attributed to 

the lower bulk fracture strength of Ge than Si and glass. This high bonding strength 

(robust) is very important in layer transfer process. In layer transfer process, either the 
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Figure 4.9: (a) Optical image of hybrid plasma bonded Ge/glass, and (b) fracture 

image of bonded Ge/glass after tensile pulling test. 

bulk or the exfoliated surfaces (which are rough) from the bonded wafers need to be thin 

down or smoothening by CMP. This CMP process requires strong bonding strength of the 

interface. It has been reported that after surface smoothening process the performance of 

photo detector significantly improved [93]. 
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4.3.4 Nanointerface Observation 

Figure 4.10 shows a HRTEM image of bonded Ge/glass interface. A ~1 ~m thick 

brighter layer than Ge and glass was observed in glass near the bonded interface. This 

layer looks similar to a depletion layer at the interface of Si and Pyrex glass observed in 

Figure 4.10: High resolution TEM image of hybrid plasma bonded Ge/glass interface. 

anodic bonding [98] and hybrid bonding (Fig. 4.7). The observed depletion layer in glass 

was due to the migration of alkaline cations from the region near the interface toward the 

bulk. In addition to the depletion layer, a ~250 nm thick second layer in glass was 
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Figure 4.11: EDX spectra of (a) Ge, (b) 0, ( c) Si, and (d) Na at and around the 

interface of hybrid plasma bonded Ge/glass. 

observed near the Ge/glass interface. This is due to accumulation of alkaline cations 

[115]. Furthermore, a thin layer (~40 nm) relatively with higher contrast than that of the 

depletion layer was observed at the bonded interface. This brighter layer is thicker than 

that of the Si/Si interface in the SP AB as shown in figure 3.17. The interfacial Si/Si layer 
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in the SPAB has been identified as Si02 as shown in figure 3.18. Similarly, Ge oxide can 

be formed at the Ge/glass interface in the SPAB. Further enlargement of the Ge oxide can 

be attributed to the anodic bonding after the SPAB (i.e., HPB). Therefore, the increased 

thickness of the brighter layer is due to the growth of Ge oxide caused by the opposite 

migration of oxygen anions to that of the alkaline cations. 

To investigate the elemental distribution at the interface, EDX analysis was 

performed. Figure 4.11 shows the distribution of Ge and three main elements of Pyrex 

glass at and around the interface. From figure 4.11 (a), it is evident that Ge did not diffuse 

into glass. From figure 4.11 (b) and 4.11 (c), the presence of oxygen and Si was evident 

in the depletion layer. A considerable amount of oxygen was observed across the 

interface, which enlarged the thickness of Ge oxide. Diffusion of oxygen in Ge was not 

found at the interface. Figure 4.11 (d) shows the presence of sodium (Na) in Ge, the 

reason for this is not clear from this study. Na and boron (B) were not observed in the 

depletion region. In fact, EDX does not detect B [111]. Therefore the HRTEM results 

could not be explained using the EDX study. Further study is required to explore the 

[mdings. 

4.4 HPB Mechanism 

In order to explain the hybrid plasma bonding mechanism, it is indispensable to 

review the current understanding in the anodic bonding [98, 108, 115, 116]. In the anodic 

bonding, when two polished wafers of Si and glass are brought into intimate contact 

under DC high voltage (400-1000 V) and moderate temperature (300-500°C), the 
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electrostatic force between the materials' surfaces provides permanent chemical bond. 

The Si and glass are biased by placing on anode and cathode, respectively. The Pyrex 

glass, being used for anodic bonding, has a coefficient of thermal expansion (CTE) close 

to Si (i.e., CTE mismatch <1 x10-6 K-1
) and contains a high concentration of alkali oxides 

(i.e., Na20 and K20). The glass is negatively charged with respect to the Si. The glass 

polarizes under these conditions. The alkali oxides dissociate into cations (mainly Na +) 

and anions (0-), then the alkali cations are transported toward cathode resulting in a 

depletion region in glass, and a thin region of oxygen-rich layer is formed in the vicinity 

of the interface. Almost the entire applied voltage is shared between the depleted region 

and the small gap between the two wafers due to surface roughness, and thus the applied 

voltage generates a high electrostatic force which pulls the mating wafers into intimate 

contact. Si and glass are thus bonded together due to the high electrostatic force at high 

voltage and high temperature. The electrostatic force at these conditions is not sufficient 

to remove the interfacial voids due to the presence of carbon contaminations and native 

oxides at the interface. 

As previously mentioned, the applied voltage has lower impact on the 

electrostatic force than the temperature. At 100a C a low electrostatic force resulted in a 

low bonding strength (0.56 MPa) (Fig. 4.5), which allowed the interface gas to move 

around and coalesce to form larger voids as shown in figure 4.3 (a). With increase in 

temperature, bonding strength improved significantly (5 MPa at 150a C and 5.73 MPa at 

200a C as in Fig. 4.5). With increase in temperature, more cations (mainly Na+) dissociate 

from Na20 and K20 in glass and their mobility increases, resulting in a higher bonding 
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current [117]. The higher current at higher temperature leads to higher electrostatic force 

and hence improved bonding strength as shown in figure 4.5. The higher bonding 

strength at higher temperature (i.e., ~200°C) hindered the movement of entrapped gas at 

the interface, resulting in smaller void size with increased density, as seen in figure.4.3 

(c). 

On the other hand, void-free interface with high bonding strength was achieved in 

the HPB. The improvement of the bonding quality in the HPB is due to the surface 

cleaning, and the augmentation of surface energy of the Si, Ge and glass using sequential 

plasma activation prior to the anodic bonding. In the sequential plasma activation, first, 

the RIE plasma removes native oxides and surface contaminations, as well as induces an 

oxide layer (~3-6 nm) on the treated surface [37, 56]. Then, the MW Nz radicals produce 

reactive surface with high surface energy. The significant enhancement of the surface 

energy of Ge, Si and glass in the sequential plasma activation was confirmed by using the 

contact angle measurements. In the HPB, the SP AB was performed prior to the anodic 

bonding. Since the SP AB was done in the air outside the plasma activation chamber, the 

sequentially treated surfaces were highly hydrophilic due to adsorption of OH- molecules 

from the ambient air. This implies that the number of OH- molecules for bonding 

remarkably increased after sequential plasma activation resulting in strong adhesion 

between the surfaces. These OH- groups form initial contact through hydrogen bonds and 

finally produce permanent covalent siloxane bonds (Si-O-Si). 

When the SP AB specimen went through the anodic bonding, a thick layer of 

depleted alkaline ions was generated due to the flow of alkali cations toward the cathode, 
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and a thin oxide layer was formed due to reverse flow of oxide anions near the interface. 

This diffused oxide anions enhance further oxidation of Si under the applied voltage and 

temperature [118]. The oxidation of Si produces amorphous Si02 layer across the 

interface [115], which absorbs the reaction by-product (H2) and thus eliminates interfacial 

voids [56]. Similarly, Ge-oxide at the interface is attributed to the void-free strong 

bonding of Ge/glass. In addition, the smooth clean surfaces after the sequential plasma 

activation were responsible for the void-free interface. Therefore, the void-free high 

bonding strength in the HPB is due to the combined effect of the adhesion between the 

large numbers of OH- groups on the activated surfaces and the electrostatic force 

produced during the anodic bonding. 

4.6 Conclusions 

A novel hybrid plasma bonding (HPB) process has been developed to achieve 

void-free strong bonding of Si/glass and Ge/glass interface at 200°C. Void-free strong 

bonded interface cannot be realized at low temperature individually in the anodic and 

plasma activated bonding due to the presence of surface contaminations and absence of 

bonding sites (OH-) , and the absence of electrostatic force, respectively. In HPB, the 

electrostatic force in anodic bonding has been combined with high adhesion between the 

hydrophilic surfaces resulted from the sequential plasma activation to achieve void-free 

strong bonded interface at low temperature. The improved quality of the bonded interface 

in the HPB is due to increased bonding sites and smooth surfaces. The highly reactive 

and clean surfaces enhance the mobility of alkaline cations toward the cathode and the 
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reverse transportation of anions. This transportation resulted in a ~353 nm thick alkaline 

depletion layer in the glass and enlarged the amorphous Si02 across the interface. In case 

of Ge/glass, three layers were observed: a ~ 1 micrometer thick depletion layer, a ~250 

nm thick alkaline accumulation layer and a ~40 nm thick Ge oxide layer across the 

interface. The HPB bonding mechanism is attributed to the reactions of OH- molecules 

between the highly reactive surfaces in the SP AB, and the opposite migration of cations 

and anions during anodic treatment. This method can be used in optical biosensing 

system for level-free detection of biological species due to improved surface roughness of 

glass and robust interface of Si/glass and Ge/glass. 

104 



M. G. Kibria - M.A.Sc. Thesis - Electrical and Computer Eng. - McMaster University - 2010 

CHAPTER 5. CONCLUSIONS AND FUTURE WORKS 

5.1 Conclusions 

A room temperature, chemical free and spontaneous bonding technique is highly 

desirable for the integration of emerging micro/nano-scale devices. Hence, a room 

temperature and chemical free direct bonding technique called sequentially plasma 

activated bonding (SP AB) has been studied here. Sequential plasma activation provides 

clean, smooth, hydrophilic and reactive surfaces, which is required for spontaneous 

integration of nanoscale devices. 

The contact angle and surface roughness measurements show that surface 

activation using 02 RIB plasma followed by MW N2 radicals is the best combination to 

achieve highly hydrophilic, smooth and reactive surfaces. Whilst a low power and short 

duration plasma activation cleans and smoothens the surfaces, high power and prolonged 

plasma creates defect sites such as nanopores and craters. These porous surfaces allow 

easy removal of interfacial wafers and achieve strong covalent bonding at room 

temperature. The current transport across the nano-bonded interface is controlled by the 

plasma activation parameters. The interfacial voids are nucleated at the surface defects. 

Annealing of bonded pair leads to nucleation of voids preferentially at the plasma 

induced defect sites. The abrupt increase in void density after annealing at 600°C is 

correlated with the abrupt increase in interfacial amorphous layer thickness at 600°C. A 

strong relationship between bonding strength and voids is observed after annealing. 
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The SP AB has been modified in which the SP AB undergoes through the anodic 

bonding process and termed as hybrid plasma bonding system (HPB). The HPB offers 

void-free strong bonding of silicon/glass and Ge/glass at 200°C. The bonding strength of 

the silicon/glass and germanium/glass in the HPB at 200°C is 30 MPa and 9.1 MPa, 

respectively. The sequential plasma activation significantly improves hydrophilicity and 

smoothens the Ge and glass surfaces. Therefore, in HPB, the electrostatic force in anodic 

bonding combines with high adhesion between the hydrophilic and smooth surfaces 

resulted from the sequential plasma activation. The improved quality of the bonded 

interface in the HPB is due to increased bonding sites and smooth surfaces. The chemical 

free strong bonding of Si/Si in the SP AB at room temperature and void-free strong 

bonding of silicon/glass and germanium/glass in HPB at low temperature will open up 

opportunities for spontaneous integration of nanodevices on the wafer scale. 

5.2 Future Works 

The future work focuses on the followings: 

1. Finding the optimum plasma parameters (power, pressure and activation time) to 

achieve void-free strong bonding of Si/Si at room temperature. 

2. Investigation on the cause of the reduction in bonding strength in SP AB at high 

annealing temperature to expand the applicability of SP AB for harsh annealing 

environments. In addition, it is indispensable to understand the reliability of 

SP AB in chemicals, high pressure, and high vacuum environments. 
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3. Investigation on the anomalous surface morphology of silicon wafers after Ar RIB 

plasma activation. 

4. Fabrication of nanostructures usmg advanced lithography techniques and 

integration of the nanostructures using the SP AB and HPB on the wafer scale. 

5. Implementation of HPB for Si/glass based lab-on-a-chip devices. For this 

application, the bonded interface will expose to fluids. Therefore, the reliability of 

HPB needs to be investigated in such environments. 

6. Implementation ofHPB for Germanium/glass based photodetectors. 
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