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What is wafer bonding? University S8

Wafer bonding refers to the adhesion of two mirror polished, smooth
and clean surfaces without any adhesives, external forces and wet
chemical processing. At room temperature the bonding is due to inter-
atomic attractive forces.
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Ref. Christiansen et al Procee. IEEE, 94 (2006).
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v’ Fabrication of Silicon-On-Insulator (SOI) substrate, (Smart-cut, ELTRAN)
v" 3D integration of micro/nano-electromechanical-systems (M/NEMS)

v Bonding similar and dissimilar materials (with different thermal and lattice
parameters) for photonics and optoelectronic applications, VCSEL

v" Fabrication of patterns for self-assembly of molecules, nanowires or
quantum dots using twist bonding.


Presenter
Presentation Notes
Applications of wafer bonding. Wafer bonding is one of the key process steps for the fabrication of silicon –on-insulator substrate (SOI), for example wafer bonding and layer transfer using H/He implantation and annealing is required in Smart-cut technology and epitaxial layer transfer process (ELTRAN). For the fabrication of complex multilayer sensors or other 3-D MEMS structures wafer bonding has also turned out to be a key enabling technology. Recently, wafer bonding has also successfully been used for the integration of nanosystems. Bonding similar and dissimilar materials (with different thermal and lattice parameters) for  photonics and optoelectronic applications which is not possible with direct epitaxy. Wafer bonding has also been implemented for fabrication of ordered templates for self-assembly of molecules, nanowires or quantum dots..This has been done by twist bonding.  
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Wafer surface pre-requisites

“ Flatness and smoothness (rms surface roughness < 0.5 nm)
% Cleanliness (remove particulates and contaminants)

«» Surface activation (chemical or plasma treatment to increase wafer
surface energy)

Plasma treatment or activation has twofold benefits:
v" the number of bonding sites (OH-) greatly increases

v It generates nanoscopic surface porosity in the silicon dioxide,
which allows for absorbing reaction products from the bonding
reaction (typically water molecules) more easily
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» Wet chemical processing
» High external force
» Post-bonding annealing

» Dissimilar material bonding is not possible

Therefore, current wafer bonding technigues are not suitable for
bonding/integration of nanostructures, such as nanowires,
carbon nanotubes or guantum dots due to their delicate nature.


Presenter
Presentation Notes
Current wafer bonding techniques use wet chemicals, high external force and post bonding annealing steps to achieve high bonding steps. These steps are not desirable for bonding/integration of nanostructures, such as NWs, CNTs, QDs due to their delicate nature. Also, materials with different thermal expansion coefficient and lattice mismatch can not be bonded using current wafer bonding techniques.
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Potentials of sequential plasma activated bonding

» No wet chemical processing
» No external force

» No post-bonding annealing
» No adhesives

» Spontaneous bonding

» At room temperature, the bonding strength achieved is equivalent
to that of bulk material

» Dissimilar material bonding is possible

Hence, SPAB is applicable to integrate nanostructures
such as NWs, CNTs or QDs


Presenter
Presentation Notes
Potentials of sequential plasma activated bonding. SPAB offers room temperature bonding of diverse materials without the use of any wet chemical processing, external force and adhesives. At room temperature, the bonding strength achieved through SPAB is equivalent to that of bulk material. The spontaneous bonding nature of SPAB can thus be applicable for bonding and integration of nanostructures.
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Sequential Plasma Activated Bonding (SPAB) ProceSSUniverSitY
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O, RIE plasma removes contaminations from the surface.
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Presentation Notes
Lets look at SPAB. In a sequential plasma activation process, wafer surfaces are sequentially activated by RF -RIE plasma with high bombardment energy followed by neutral MW radical without bombardment energy. The RIE plasma helps remove contaminations from the surface by physical sputtering mechanism and neutral MW radical creates chemically unstable wafer surfaces. Figure shows a “Hybrid plasma bonding system which has been installed at McMaster University” . It consists of plasma activation and anodic bonding chambers. The plasma activation chamber is separated into top and bottom sides by an ion trapping metallic plate. The ion trapping using the metallic plate allows producing neutral radicals. The bottom and top sides of the chamber were used to generate RIE and MW plasma by O2 and N2 gases respectively. 
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Presentation Notes
The ‘as received’ wafers surfaces are usually covered with native oxide, particles, carbons, hydroxyl and hydrogen ions. After O2 RIE plasma activation, these contaminations are removed from the surface due to the physical bombardment process of O2 RIE plasma. The O2 RIE process leads to the termination of surfaces with hydroxyl groups. This surface is easy to wet with water and hence called hydrophilic surface. After N2 MW plasma activation, due to the high reactive nature of N2 radical, the surface is terminated with oxynitride layer. When this surface is exposed in air, it is covered with a few manolayers of water. When two such wafers are brought together at room temperature, the surfaces attract each other by weak hydrogen bonds. The bonding energy at this point is low and in the order of 100mJ/m2. after storage for 24 hours, the absorbed water diffuses into the oxynitride layer. The si wafers are bonded together with a nanolayer of silicon oxynitride layer at the bonded interface. The bonding energy achieved at room temperature is close to bulk fracture strength 2.3 J/m2 of silicon. 
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Surface hydrophilicity can be measured by Contact angle of water on
wafer surface, which also represents wafer surface energy

7\, (surface tension of liquid)

Water drop\
Yo (surface energy of wafer)

>

7/Sl

surface energy Contact angle

Young equation, : Va7 CO

The lower the contact angle, the higher the surface energy of the wafer.
10
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Presentation Notes
Wafer surface characterization can be done by contact angle measurements. Contact angle of a droplet of water on silicon wafer surface can be used to measure wafer surface hydrophilicity and wafer surface energy. Figure 4 shows a droplet of deionized water on silicon wafer surface and the Contact angle beta.. Contact angle is related to the surface energy of the solid and the surface tension of the liquid by Young equation. The liquid-gas interface energy (i.e. surface tension) and the solid-liquid interface energy depend on the liquid being used. The solid-gas interface energy, also called solid surface energy thus increases with decreasing in contact angle. The lower the contact angle, the higher the degree of hydrophilicity resulting in better wettability of the surface. This is critical for this study since the higher the surface hydrophilicity, the easier the bonding between the surfaces. 
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Wafer surface characterization-continued
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For hydrophilic surfaces, the contact angle usually remains much less than 45° and for hydrophobic surfaces it is usually higher than 45°. Hence, hydrophilic surface is easier to bond than hydrophobic surface.
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Wafer surface characterization-

Influence of plasma parameters

45

40

35

Contact Angle [degree]

30

0 100 200 300 400
O, RIE Plasma Time [s]

Contact angle increases and hence
surface energy decreases with O,
RIE plasma activation time, power
and pressure.

Plasma time and power have higher
influence than plasma pressure

N
(@) ]

N
o

Contact Angle [degree]

w
o

o

w B &
(&) o (@)

Contact Angle [degree]

w
(@)

100 200 300 400

O, RIE Power [W]

500

e

50 100

O RIE Plasma Pressure [Pa]

150


Presenter
Presentation Notes
To investigate the influence of different plasma parameters, the contact angle measurements were done as a function of different O2 RIE plasma parameters that is plasma power, pressure and time. Figure shows the contact angle of a drop of DI water on silicon wafer surface as a function of O2 RIE plasma power, pressure and time. The figure shows that the contact angle increases with increase in plasma power, pressure and time. There are two possible reasons for the increase of contact angle with plasma parameters. First, the physical sputtering process of O2 plasma removes surface contaminations and  hydroxyl molecules. the more OH present on the surface, the easier it is to wet the surface and the lower the contact angle. Hence, due to the removal of OH from the surface by oxygen plasma, the contact angle increases. Secondly, it is well known that higher the surface roughness, higher the contact angle. It has been reported that the physical sputtering process of O2 plasma increases surface roughness. With increase in plasma parameters, the surface roughness increases and hence the contact angle increases. So to achieve lower contact angle and hence higher surface energy, the plasma parameters should be kept as low as possible but high enough so that the surface can be activated. 
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Surface characterization —Investigation of
surface reactivity
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To investigate the relative influence of O2 RIE and N2 MW plasma and to compare with nonactivated and HF treated surfaces, contact angle measurements were done after different surface treatment. Figure shows Contact angles after as a function of different surface treatment While the contact angle of HF cleaned and without activated wafer surface slowly decreased with time, the contact angle of plasma activated surfaces decreased remarkably with time. the N2 MW radical activated surface is much more hydrophilic than the O2 RIE plasma activated surface. The rate of change of contact angle refers to surface reactivity. This indicates that N2 MW treated surface is highly reactive. The high reactive nature of N2 MW plasma turns the sequentially activated surfaces into high reactive surface compared to HF treated and nonactivated surface. On the other hand, the contact angles of O2 RIE treated surface were higher than that of N2 MW treated surface and sequentially activated surface. The contact angles of sequential plasma activated surfaces lie between O2 RIE plasma and N2 MW radical activated surfaces throughout the elapsed time. 
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Electrical characterization of interfaces-  University fpae
Influence of plasma activation time
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To investigate the electrical properties of the bonded interface, current-voltage measurements of the bonded interface were done as a function of O2 RIE plasma activation time. Figure 4 (a) shows the I-V characteristics of the bonded interface. It is evident that the electrical resistance was increased with the increase of O2 RIE plasma activation time. The slow turn on of the forward and reverse bias current indicates a thin barrier layer at the bonded interface. The barrier height at the bonded interface was measured using thermionic emission model and shown in Figure. (b). The increase of barrier height with the increase of O2 RIE plasma time is attributed to the increase of oxide thickness at the bonded interface. A couple of experimental results show that a oxide layer grows on silicon wafer surface with increase in O2 RIE plasma time. This result can be directly correlated to the electrical behavior shown in Figure. the plasma induced crystalline defects and interface fixed charges is also responsible for the increase in barrier height. The current transport across the bonded interface can be controlled by the proper choice of O2 RIE plasma activation time.
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To avoid lateral difference in density of interface states, a single bonded
pair was annealed at different temperatures

Barrier height increases after 200 and decreases after 400 and 600 °C
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In real applications, The bonded wafers may go through post-bonding annealing steps, such as Smart Cut technology. The influence of post-bonding annealing on electrical characteristics of the bonded interface has been investigated. It has been reported that the density of interface states changes with lateral positions of the bonded pair. To avoid this issue, a single bonded pair with was used for the I-V measurement at different temperatures, instead of using different bonded pairs. Figure shows the I-V characteristics of the bonded pair measured at room temperature without annealing, followed by annealed measurements at 200, 400 and 600 °C, respectively. The I-V characteristics show that the current density remarkably reduces after annealing at 200 °C. The subsequent annealing steps at 400 °C and 600 °C enhance the current density. The results show that post-bonding annealing steps degrade current transport across the bonded interface. However, to understand the exact mechanisms, further investigation of the bonded interface was done by HRTEM. In fact, there are different types of bonds and species at the bonded interface, such as, Siloxane bonnd, Si-N, S-O, SiOxNy, OH, H, H2O, at different annealing temperatures, the rearrangement of this bonds and the induced charges and traps might be responsible for this type of current transport or barrier height behavior. However, the understand the exact mechanism, we are currently working on the electron energy mass spectroscopy of the bonded interface. 
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To understand the electrical characteristics at different annealing temperature, the HRTEM investigations were performed. HRTEM images show the presence of an intermediate amorphous layer at the bonded interface. The specimen without annealing has an interface amorphous layer of ~4.8 nm thickness. The HRTEM images show that the amorphous layer thickness remains constant at ~4.8 nm for specimens before and after annealing at 200 °C and 400 °C. The specimen annealed at 600 °C has an amorphous layer of ~13 nm thickness. No relationship was found between the amorphous layer thickness and the I-V characteristics (Fig 6a) of the bonded interfaces at different annealing temperatures. The abrupt change in the amorphous layer at 600 °C can be correlated to the abrupt change in void density observed by IR transmission images. It has been reported that the void density of sequential plasma activated p-Si/p-Si bonded interface does not change with annealing up to 400 °C. The void density significantly increases after annealing at 600 °C. 
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Different techniques have been proposed to integrate nanostructures/NWs
Such as:

O Diffusion bonding

Q Ultrasonic nanowelding

U Adhesives and solder bonding

0 Thermocompression bonding

Issues in these bonding techniques for nanostructures/NWs integration are:
» Adhesive and solder bonding results in reduced current transport

» Diffusion and thermo-compression bonding requires high temperature
and pressure

» Ultrasonic vibrational force may break NWs due to their delicate nature
» Reduced mechanical stability of the bond

» Chemical sensitivity of nanostructures.
17
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SPAB offers-

%, spontaneous bonding

& diverse materials

%, without adhesive

%, without high temperature
& no pressure and chemicals

it may open up opportunities for the integration of
nanostructures at room temperature.

18
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“* Sequential plasma activation offers high reactive surface required for
spontaneous bonding at room temperature.

% Surface energy and current transport across the bonded interface can be
controlled using the activation parameters.

“*Post-bonding annealing degraded the current transport across the
interface.

“*Nanoscale bonding was confirmed by HRTEM. Annealing only at 600 C
increased the thickness of amorphous oxide due to silicon oxidation and
viscous flow of hydrogen gas.

* This comprehensive investigation can facilitate spontaneous nano-
integration of dissimilar materials without chemicals, external force,
adhesive and heating.

19
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For p-type silicon, 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 5 
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Reasons for using silver paste for electrodes:

To avoid external temperature effects (temperatures during
electrode deposition) on the bonded interface properties

To avoid possible sintering of the electrode metal and silicon at
high annealing temperatures

EELS electron energy loss spectroscopy

24
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plasma is a partially ionized gas in which a certain proportion of electrons are free rather than being bound to an atom or molecule 


Twist bonding for nanowires growth

X hydrophobic or UHV wafer bonding

X twisted Si-Wafers

= screw dislocation network

= thinning close to the bond interface
(<50nm)

Fig. 43. TEM plane view micrograph of an ordered array of dislocations in a t wist-bonded subst rate (left, from [282]) and a possible way to use
these substrates as wafer level templates for aligned growth of 51 nanowires (right). strain field of dislocations can be used to create periodic
nanoscale A pples on the wafer surface (by etching or heteroepit avial deposition [281]). Metal nanoparticles can be appiied in the trotughs of the

template which can in turn serve as catalysts for nanowire growth.

Christiansen et al., IEEE, 94 (20006).
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