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ABSTRACT

This research project aims to investigate the suitability of glass frit bonding for multi-chip
module (MCM) package encapsulation that needs to operate at a high temperature of
300°C and high pressure of 207 MPa. Since glass has the potential to bond well to
alumina due to the chemical compatibility between the two materials, the use of glass frit
for alumina to alumina bonding is considered a simple yet robust method that is often
used for hermetic sealing of microelectronic packages. The materials used in the study
were alumina substrate and bismuth-based glass frit paste 4115DS-1Ha from Asahi Glass
Company (AGC). The study includes an initial characterisation of the glass frit,
evaluation of the shear strength of the bonding, hermeticity test of the glass frit bonded
MCM package and simulation on the high pressure testing on the package with glass frit.
The average shear strength (shear test performed at 250°C) for samples after thermal
aging at 300°C for 500 hours was 28.72 MPa. This value is approximately 3.6 times
above the minimally required shear strength of 7.9 MPa according to the MIL-STD-883G
specification. The hermeticity data of the sealed package after thermal aging at 300°C for
500 hours showed that the helium leak rate remained below the MIL-STD-883G
specification of 5 x 10°® atm cm®s. This proves that glass frit bonding for MCM hermetic

S™ simulation was

encapsulation for high temperature application is feasible. ANSY
carried out and results showed that cracks would not form on the glass frit layer upon
pressurising the package at 207 MPa since the maximum principle stress is below the

flexural strength of the AGC glass frit.
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CHAPTER 1: INTRODUCTION

1.1 Background

Industries that are dealing with extreme environment will have reliability issues with
regards to the survivability of their electronic systems as their systems will be exposed to
high temperature, pressure, radiation and corrosive environment. These types of industries
include deep sea oil rigs, industrial chemical or nuclear plants, geological surveys, space
vehicles, and military installations. In order to resolve these reliability issues, research
work is proposed based on a multi-chip module (MCM) capable of sustaining hermeticity

and withstanding the extreme conditions in the harsh environment.

It was reported that high temperature electronics for the exploration and monitoring of
down-hole activities in geothermal wells and other oil and gas industry applications must
reliably operate at a minimum temperature of 300°C for as long as 500 hours
continuously [1]. Both leak rate and shear tests are methods used to evaluate the
performance of the bonding layers and also to compare between different bonding
techniques [2]. In terms of hermeticity, according to the MIL-STD-883G method 1014.9
standard, the leak rate rejection limit is 5 x 10® atm cm®/s, therefore any package with

leak rate above the rejection limit will be deemed to have failed [3].

Apart from being able to withstand the harsh environment, the design of the MCM
ceramic package (refer to Figure 1.1) will require the encapsulation material to maintain
hermeticity and be non-conductive as the signal lines will be running through the
encapsulation seal. Furthermore, the sealing material has to be both planarising and

chemically compatible to the surface of the ceramic lid and substrate.
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Encapsulation Ceramic Cap
\ | Chip | | Chip | | Chip |

Ceramic Substrate

Figure 1.1: Hermetic encapsulated MCM

The use of glass frit bonding in wafer level encapsulation and packaging is common in
microelectromechanical system (MEMS) [2-9], but it has yet to be explored for its use on
alumina (Al,03) MCM for high temperature and high pressure applications. In this
proposed research, we will be investigating the practicality of using glass frit bonding for
MCM hermetic encapsulation capable of withstanding the extreme conditions in the harsh

environments with focus on glass frit bond.

1.2 Objectives
The objective of this project is to evaluate the use of glass frit bonding for Al,O3 MCM
hermetic encapsulation at 300°C and high-pressure applications of 207 MPa for 500

hours.

1.3 Scope
The scope of this report encompasses primarily:
(a) Characterization of the glass frit
(b) The shear strength of ceramic to ceramic bonding under thermal aging at
300°C for 500 hours
(c) Hermeticity check on glass frit bonded Al,O3 MCM encapsulation under high
temperature aging at 300°C for 500 hours

(d) ANSYS™ simulation on glass frit bonded Al,03 MCM encapsulation

Lim Jun Zhang 2
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1.4 Organisation of report

The introduction presents an overview of glass frit bonding and the objectives of this
study. The literature survey provides reader with the background knowledge needed to
understand the method used and the results obtained from other researchers” work. The
chapter on experiment techniques provides the reader with the methods used in the course
of the research. The results and discussion section reports and analyses the results
obtained from the research. These are rounded up with a conclusion which provides a
summary of the report, highlighting the significance of the results obtained. The report
ends with a recommendation of suggestions for improvements which can be made to the

study as well as proposed ideas for future related studies.
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CHAPTER 2: LITERATURE SURVEY

2.1 Hermeticity

Hermetic seal is the term used to describe a seal that is airtight and impervious to air or
gas, moisture, humidity, and any external contaminants. High temperature electronics
used in the exploration and monitoring of down-hole activities in geothermal wells and
other oil and gas industry applications must have the ability to withstand high temperature
of 300°C, high pressure of 207 MPa [10-11] and exposure to corrosive environments with
hydrochloric acid (HCI) and hydrogen sulphide (H,S) [4-5]. These two chemicals are
extremely harmful to the circuitries and contacts with them must be avoided. In order to
ensure the performance and sufficient reliability of the caped electrical components,

hermetic sealing is required for this type of application [6-7].

2.1.1 Permeability of materials

The permeability rate of a material is the rate at which gas atoms are able to diffuse
through the sealing material. The permeability rates can be compared between different
types of materials of equal thickness and under standardised atmospheres [8]. The
function of permeability is a combination of mass (g), distance (cm), time (s), and
pressure (torr). Standard engineering practice would graph the permeability function as
g/cm-s-Torr. Figure 2.1 shows different types of sealing materials with their permeability
rate plotted. In the real physical world, there is no such thing as absolute or complete
hermeticity because all materials are gas permeable to some degree. It shows that sealing
materials like fluorocarbon, epoxies and silicones achieve less than 1 day of sealing
capacity (10™* g/cm-s-Torr) and are considered non-hermetic [9]. The materials
considered hermetic are glasses and metals as sealing material of the same thickness of 10

um has a lifetime of about a few years and 100 years respectively.
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Figure 2.1: Permeability rates of sealing materials [9]

Jackson, K.A. et al. [12] reported that the free volume model for diffusion process in glass
is when an atom jumps into an adjacent atom-size hole in the structure. This model
assumes that the distribution of holes in the structure is a Boltzmann distribution whereby
the probability of finding a space in the structure is extremely small [13]. Therefore, the

diffusion rate for glass is low, making it ideal for hermetic encapsulation.

2.1.2 Hermeticity testing

Hermeticity test determines the robustness of the package and it is usually characterised
by measuring the leak rate before and after the reliability test [14]. In terms of hermeticity
test, sensitive methodologies and measurement tools are needed to detect the suspected
leakages in small cavities [15] therefore fine leak test is done. A fine leak testing requires
the package to be pressurized in a 100% helium atmosphere, also called the bomb
chamber. This type of process is referred to as bombing. The sample is then placed in the
helium leak detector to measure the leak rate of the helium from the cavity [16,17]. For
encapsulated packages, according to the MIL-STD-883G specification, the maximum

leak rate allowable is 5 x 10® atm cm?/s [3].
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2.2 Bonding techniques comparison

There is an extensive list of hermetic sealing techniques used in research and it includes
glass frit bonding, thermocompression bonding, eutectic bonding, adhesive bonding,
direct bonding and anodic bonding. Different bonding techniques have their own
limitations and advantages [18]. Table 2.1 below shows a comparison between the

bonding techniques:

Table 2.1: Comparison between the bonding techniques [19]

Method Bonding Topography | Conductivity | Hermeticity
Temperature Tolerance
(°C)
Fusion Bonding 1100 Very bad Insulating Good
Anodic Bonding 400 Bad Insulating Good
Eutectic Bonding 360 Good Conducting Good
(Au-Ge)
Thermo- 340 Average Conducting Good
compression
Polymer Gluing 100 Good Insulating Bad
Glass Frit 430 Good Insulating Good
Bonding

2.2.1 Fusion bonding

Fusion bonding, also called direct bonding, requires two pieces of silicon substrate to be
in close contact by applying a high contact force. Due to Van Der Waals forces, the
substrates are held together and are strong enough for handling. The substrates are then
annealed at high temperature to form a solid bond between them [8]. The drawback of
fusion bonding is that the substrate surface quality has to be about 1-2 nm root mean
square [20]. It is difficult for ceramics to achieve this kind of surface finish. Muller, B. et
al. [21] has reported that silicon fusion bonding has a bond tensile strength of up to 20

MPa.
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2.2.2 Anodic Bonding

Anodic bonding is widely used for bonding glass wafers as it is able to establish a
hermetic and mechanically solid connection between glass and metal wafers or a
connection between glass and semiconductor wafers [22-24]. Figure 2.2 shows the set up
for anodic bonding. When electrostatic field is applied, the Sodium ions will be drifted
away to cathode, leaving oxygen ions that are negatively charged to bond with the silicon
at the glass and silicon interface. A downside of anodic bonding is that the residual gas
generated during the bonding process might jeopardize the reliability of the device and
sodium contamination [20,25-26]. Wei, J. et al. [22] reported that the bonding strength

between glass and silicon wafers is higher than 10 MPa.

Heated Upper Tool: Cathode (-)

Glass @ Borsilicat Glass
Si '

o‘ Ll A
Heated Tool ’ silicon "\ ”/

Heated Lower

Figure 2.2: Anodic bonding set up [22]

2.2.3 Eutectic Bonding

Eutectic bonding involves bonding with mixture or alloy that has two or more dissimilar
metals in the interlayer existing in eutectic system. The advantages of eutectic bonding
are that metals have hundred times slower permeability than glass and it can provide
electrical conductive paths in the device [27]. Jeong, B.G. et al. [28] report the use of
fluxless Au-Sn solder system as the sealing material for the RF-MEMS packaging where
the package was able to survive through a reliability test of 125°C for 1000 hours. On the

other hand, Chidambaram, V. et al. [1] used Au-Ge solder system as a form of
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interconnection and after thermal aged at 300°C for 500 hours, the shear strength

performed at 250°C was 8 g/mil®.

2.2.4 Thermo-compression bonding

Thermo-compression bonding requires two similar metals, e.g. copper or gold, to be in
atomic contact by applying pressure and heat at the same time. Atomic contact allows
diffusion reaction where atoms migrate from one crystal lattice location to another [29].
Tan, C.S. et al. [30] reported the use of copper-copper (Cu-Cu) thermo-compression
bonding for MEMS and obtained a leak rate of 1.0-4.9 x 10”° atm cm?®/s (lower than the
MIL-STD-883G method 1014.9 standard limit). Additionally, Swinnen, B. et al. [31]
reported that the Cu-Cu thermo-compression bonding on substrate, with the surface

treated with dilute citric acid solution, has shear strength up to 90 MPa.

2.2.5 Polymer gluing

Polymer gluing can survive 20 years in clean environments at lower temperatures and the
same can fail in a few days’ time in corroding atmosphere at higher temperatures or
pressures [5]. Despite the advantages of having low bonding temperature and being an
inexpensive process [32], outgassing from polymers is a common problem as water and
organic vapours are generated when the polymer cure [33]. Moisture ingress will reach
the electronic components, and surface ions can allow electric shorting and degradation of

the leakage-sensitive circuitry, promoting electronic failures [34].

2.2.6 Glass frit bonding

Glass frit bonding is an intermediate glass layer formed at the interface and is a technique
that is universally useable for a wide range of application, normally for the packaging of

MEMS [35-37]. The advantage of using glass frit bonding includes achieving hermetic
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seal in moderately rough surfaces as the glass is able to wet the rough surface after it
softens [6]. This is particularly suitable for ceramic substrate used for the MCM package
as the surface finish requirements do not need to be tight. Glass also has the potential to
adhere to ceramic components due to its chemical compatibility with ceramic [38]. In
addition, it can even allow the signal lines to run through the sealing layer without
affecting the hermeticity of the package [6,39-40]. This application advantage cannot be
achieved in thermo-compression bonding and eutectic bonding as the bonding materials
are conductive in nature. Furthermore, the suitability of glass frit bonding for industrial
production is strongly attributed by the ease of sealant application, cost effective and high
bonding yield of the process [19,41]. Chang, J.S. et al. [3] has reported a helium leak rate
of about 10° atm cm®/s (lesser than the MIL-STD-883G value) and an average shear
strength of 34 MPa for MEMS packaging using glass frit bonding. Another research
group Knechtel, R. et al. [39] has obtained a tensile strength of 20 MPa for using glass frit
bonding on silicon. Moreover, Boettge, B. et al. [42] has reported that silicon to silicon
bonded with glass frit bonding, after being thermal treated at 300°C for 48 hours, has pull

test fracture strength of approximately 12 MPa.

2.3 Glass frit bonding
Glass frit bonding is the most suitable candidate of all the bonding techniques that can be
considered for high temperature and high pressure application on MCM encapsulation

due to the advantages stated above.

2.3.1 Materials in glass frit paste

Glass frit bonding requires the use of low melting point glass powder of approximately
400°C-450°C, organic binder, inorganic fillers and solvents [39]. The low melting glass

powder is generally made up of network formers, modifiers and intermediates. Network
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formers (e.g. SiO,, B,03, GeO, and P,0s) are oxide-forming glasses that can form 3D
covalent networks via bridging oxygen. Network modifiers (e.g. Li»O, K0, Na,O, MgO,
CaO and PbO) are ionic oxides added to lower the processing temperature by weakening
the bonds and this decreases the glass transition temperature (Tg). For intermediates (e.g.
Al,O3, TiO, and ZrQO,), they are additives that are added in small quantities to improve
the thermal and mechanical behaviour of the glass by adding void space to the atomic
structure and this allows room for flexure with the presence of voids [43]. There are two
types of glass frits namely vitreous and devitrifying. Vitreous glass frit is thermoplastic in
nature, melting and flowing each time when processed at sealing temperature. On the
other hand, devitrifying glass frit is a thermosetting material that crystallises at the sealing
temperature and its softening temperature increases upon crystallisation [8]. The organic
binder transforms the glass powder into a printable viscous paste [6]. The inorganic fillers
like cordierite particles (MgzAl; [AlSisO1g]) or barium silicate are used to lower the
coefficients of thermal expansion (CTE) between the substrate and the glass frit material
by adapting the CTE of the glass to the substrate materials to be bonded with [44]. In
addition, it is able to improve the mechanical strength and resist cracks from propagating

in the glass bond [7].

2.3.2 Processes of glass frit bonding

The bonding process involves screen printing, thermal conditioning and thermo-
compressive [39]. The screen printing (refer to Figure 2.3) allows the paste to be
deposited on a mesh opening depending on the particle size. With the help of a squeegee,
the glass frit paste is printed on the substrate surface. The minimum line width of glass
frit (depending on the screen printer) after printing is 150 um but Chang, H.D. et al. [19]
reported that with glass frit width of 50 um, the helium leak rate is less than MIL-STD-

883G method 1014.9 standard limit. It was also reported that the print yield increases
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with the stencil opening of the screen printer and the yield approach to 95% when the

print opening is larger than 75 pm [3].

squeEgeE

emulsion mask

- gap (‘snap-off’)
/ board holder

board

v ium
medium drawn from open mesh

ra

+— ‘snap-off’

Figure 2.3: Screen printing process [45]

Upon thermo-conditioning, the binder, which consists of the organic additives and solvent,
has already been burned out and the glass is pre-melted. This is the point where the paste
is transformed into real glass. This step is very important as insufficient heat treatment
can lead to the formation of voids inside the bonded glass (refer to Figure 2.4). The voids

may lower the strength and reliability of the bonding due to lesser contact area [39].

The last step of the process is thermo-compressive bonding. The glass is heated to its
wetting temperature at around 430°C and its viscosity decreases, wetting the surface of
the substrate [20]. Being a thermal compressive bonding process, load is applied on the
encapsulation lid to ensure that the lid has a close contact with the substrate surface [46].
The bonding pressure will depend on the design of the package and must be low enough

to prevent any spreading of glass frit paste that can disturb the supposedly protected
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device [6]. Chen, X. et al. [47] has reported that the solution to prevent the glass frit from
reaching the device is to incorporate the barrier trench technology which is used on
MEMS shown in Figure 2.5. It was reported that a load of 1000 mBar is applied
throughout the heating and cooling process for MEMS packaging [19]. At this stage, the
glass is melted and fused to the surface of the substrate at an atomic level and upon
cooling a strong bond is formed [39]. The inorganic fillers are incorporated into the glass
matrix without melting to lower the coefficients of thermal expansion (CTE) between the

substrate and the glass frit material.

Figure 2.4: Voids formed in glass frit caused by insufficient heat treatment [39]

Glass lri||
|
> Si

Bonding Bonding
\j
' v
S .
y Wi =
S Si
~ NoBTT _ BTT

Barrier trench After frit printing After bonding

Figure 2.5: Comparison of bonding with and without the use of
barrier trench technology [47]
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CHAPTER 3: EXPERIMENTAL TECHNIQUES

3.1 Sample preparation

3.1.1 Preparation of samples for shear tests

The following elaborates on the procedure in the preparation of shear test samples:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Commercial Al,O3substrate of thickness 0.76 mm was cut into 2.5 mm x 2.5
mm and 5 mm X 5 mm substrates.

The substrates were sent for ultrasonication with acetone for 5 minutes prior to
usage.

Commercial Asahi Glass Company (AGC) glass frit paste (4115DS-1Ha) was
applied onto the 2.5 mm x 2.5 mm substrates.

These 2.5 mm x 2.5 mm Al,O3 substrates were in turn joined to the 5 mm x 5
mm substrates shown in Figure 3.1.

The resulting samples substrates were then sent for heating in a calibrated
Nabertherm box furnace using the suggested firing profile shown in Figure
3.2.

0.15 MPa was applied on each sample during sealing.

After bonding, all the samples were sent for X-Ray inspection system to check
for any presence of voids.

The samples were subsequently subjected to thermal aging of 100 hours, 300
hours and 500 hours at 300°C in the calibrated Nabertherm box furnace.

These samples were then sent for shear test using Dage series 4000 Shear

tester at 25°C (Room temperature shear) and 250°C (Hot temperature shear).
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Figure 3.1: Shear test samples
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*All heating and cooling rate at 10 °C/min

Figure 3.2: Suggested firing profile for AGC'’s glass frit paste (4115DS-1Ha)

3.1.2 Preparation of samples for hermeticity tests

The following elaborates on the procedure in the preparation of helium leak test samples:
1) Commercially bought Al,O3 encapsulation lid of dimensions 14 mm x 14 mm
x 5 mm with a cavity of 10 mm x 10 mm x 3 mm and Al,O3 substrate of
15mm x 15 mm were sent for cleaning by ultrasonication with acetone for 10
minutes.
2) AGC glass frit paste was stencil printed, with the help of a custom made metal
stencil and squeegee shown in Figure 3.3, on to the Al,O3 encapsulation lid

and substrate.
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3) The glass frit paste on the encapsulation lid and substrate was sent for thermo-
conditioning (shown in Figure 3.4) to remove the solvent and organic binder.

4) After thermo-conditioning, the encapsulation lid was then joined to the
substrate and sent for heating using the firing profile shown in Figure 3.4.

5) 0.15 MPa was applied on each sample during sealing.

6) After encapsulation, all the samples were sent for X-Ray inspection to check
for any voids that are interconnected to each other.

7) The samples were subsequently subjected to thermal aging of 100 hours, 300
hours and 500 hours at 300°C in the calibrated box furnace.

8) These samples were then sent for helium leak test to obtain the helium leak

rate.

Figure 3.3: Custom made metal stencil
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A Sealing Temperature
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HoCe omi Cap is joined to
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>
Time

*All heating and cooling rate at 10 °C/min
Figure 3.4: Firing profile for sealing of package

3.2 Sample characterisation

3.2.1 Differential scanning calorimetry

The Differential Scanning Calorimetry 404 Netzch (DSC) is a technique to measure the
difference in the amount of heat required to increase the temperature of a sample against
the reference as a function of temperature. The temperature of the sample and the
reference are maintained the same. In order to maintain the same temperature, more or
less heat will need to flow to the sample, which undergoes phase transitions, than the
reference. DSC is used to determine the T, of the glass frit. Ty is the reversible transition
from a hard and relatively brittle state into a molten or rubber-like state and is a
discontinuous change in the specific heat, energy, volume and viscosity of the material.
The increase in specific heat will lead to an increase in the thermal lag of the sample

relative to the reference, resulting in a shift in the baseline, or offset, of the curve.

3.2.2 X-Ray Inspection System

The Shimadzu SMX-2000EX X-Ray inspection system is a non-destructive testing (NDT)

that uses X-Ray to penetrate the materials to give tomographical images. It is also used
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for the inspection for any voids present in glass frit bonding as these voids form leakage

path for moisture or corrosive gases to seep in and will no longer be hermetic [37].

3.2.3 Scanning electron microscopy & enerqy dispersive spectroscopy

The Scanning Electron Microscopy (SEM) (JEOL JSM-6360) and Energy Dispersive
Spectroscopy (EDS) were used to determine visually the bonding quality and the

composition of the glass frit that forms the bond between the ceramics respectively.

3.2.4 X-Ray diffraction

X-Ray diffraction (XRD) (Shimadzu 6000) was used to determine whether the glass frit is
vitreous or devitrifying after the glass frit reaches the sealing temperature. If the sample is
crystalline, it means that the glass frit is devitrifying and the identity of the sample is
revealed by matching the measured intensities of the sample with the theoretical
intensities at different 2theta angle using the Match! Software. The samples will be tested
from the range of 10° to 80° at a rate of 2°/min. The fundamental law for XRD is Bragg’s

Law shown below:

nA = 2dsin® — (1)

Where n is an integer,
/ is the wavelength of a beam of x-rays incident on a crystal
d is the distance of the separation of lattice planes, and

0 is the Bragg angle.

3.2.5 Shear tester

The Dage series 4000 shear tester is to determine the shear strength (refer to Figure 3.5)

of the glass frit bonding that has formed between the ceramics. This is based on a
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measured force applied to the top ceramic substrate. According to the MIL-STD-883G
specification, a minimum shear strength of 7.9 MPa is needed for the samples according

to the glass frit area bonded between the ceramics [47].

+———— Shear
2 :1 mim
Ceramic

Ceramic

Glass frit——

P
™

i

5 mm

Figure 3.5: Shear test perform on sample

3.2.6 Vickers hardness tester

The Vickers hardness denotes a value obtained from a test load applied to a specimen to
form an indentation on it with a square-based pyramidal diamond indenter which has face
angle of 136°. The surface area of the permanent indentation found from its diagonal

length was used to determine the hardness value using the following equation:

F
HV = 01891— - (1)

Where HV is the Vickers hardness,
Fis the test load (N),
d is the Average diagonal length of an indentation (mm).

3.2.7 Nanoindentation

Nanoindentation is mainly used to evaluate materials hardness and elastic modulus at the
. . . dp
submicron scale from the experimental recorded load-displacement data. The slope - of

the unloading curve (see Figure 3.6) is indicative of the stiffness of the contact.
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Figure 3.6: Load-Displacement curve from Nanoindentation

The reduced modulus of the material can be calculated using the following Eq. (1) [48]:

1w dP
E. = 2Vadh (1)

Where E;is the reduced modulus,
Ais the area of contact,
P is the load,
h is the displacement.

To convert the reduced modulus to Young’s modulus, the following Eqg. (1) can be used:

1 (1-v®) (1-v?)
E- E ' E -

Where Eis the Young’s modulus,
E;isthe indenter’s Young’s modulus which is 1000 GPa [49],
v; is the Poisson’s ration of the indenter which is 0.07 [49],

v is the Poisson’s ratio of glass frit (Assumption to be 0.3 [50]).
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3.2.8 Three point bend tester

The purpose of using the three point bend tester (see Figure 3.7) is to determine the
flexural strength, defined as the material’s ability to resist deformation when under load,
of the glass frit. The bending material will experience two types of stresses, namely the
tensile stress (convex face) and compressive stress (concave face). The material usually
fails under tensile stress rather than compressive stress. Therefore, the maximum tensile
stress represents the flexural strength of the material before rupturing. In order to prepare
the samples for the three point bend test, a layer of glass frit paste was applied on the
surface of a piece of stainless steel plate (dimensions 115 mm x 24 mm x 1.46 mm) and
sent for sintering to form a composite (see Figure 3.8). The flexural strength of the glass

frit was determined upon its cracking in the composite.

l

___—» Stainless steel

| I

Figure 3.7: Three point bend test setup

Glass frit

1.46mm

0.08mm

N

25mm

® = Neutral axis

Figure 3.8: Cross sectional view of the sample
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Firstly, the neutral axis of the composite (see Figure 3.8) has to be located in order to find

h; and h, by using the following equations [51]:

E1J3dA+E2f)ﬂA=O — (D)
1 2

f ydA = y1A1 f ydA = y2A2 — (2)
1 2

Where Eis the Young’s modulus,
y is the y coordinates of the centroids of the respective areas,

A is the area.

Secondly, the moment of inertia of A; and A, with respect to the neutral axis was

determined by using the following equation:
Iy = Ly + Ayz - (1)

Where I is the moment of inertia with respect to the neutral axis,
Ixc is the moment of inertia,
y is the y coordinates of the centroids of the respective areas,

A is the area.

Thirdly, the bending moment acting at the midpoint of the specimen can be calculated

using the following equation:
M=FxD —(1)

Where M is the bending moment,
F is the force needed to crack the material,

D is the distance and is half of the specimen.
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Lastly, the flexural stress can be calculated using the flexure formula with the bending

moment and moment of inertia being used in this formula:

Where o, is the flexural stress that the glass frit experience on the surface B,

E; is the Young’s modulus of the stainless steel (assuming to be 200GPa

[52]),

E, is the Young’s modulus of the glass frit (obtained using

nanoindentation).

3.2.9 Helium leak detector and bomb chamber

The Varian helium mass spectrometer leak detector model 979 (see Figure 3.9(a)), which
consists of turbomoleculer high vacuum pump and spectrometer tube, is used to detect the
leak rate of the sealed package. The encapsulated package was pressurised in a sealed
chamber (bomb chamber), as shown in Figure 3.9(b), with 95 - 100% of helium gas

initially and transferred to the mass spectrometer immediately for leak rate detection.

The mathematical relationship of the above physical phenomenon can be represented by

the following equation “Howell-Mann Equation” [8]:

R, = {(.BReqpe/po)} X {1 - exp(.BReqte/Vpo)} X {exp(ﬁReqtd/Vpo)} - (1)

Where R is the measured leak rate of tracer gas helium through the leak
Req is the equivalent standard leak rate of air
M is the molecular weight of air,
M is the molecular weight of helium,
Pe I the bomb pressure of helium,
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Po IS the atmospheric pressure,
te is the bomb time,

{4 is the dwell time, and

V is the volume of the cavity.

1
The equation g = (M,/M;)z, which is the conversion relationship between different

gases of interest, can be substituted into Eq. (1) above.

(a) (b)

Figure 3.9: (a) Helium mass spectrometer and (b) Bomb chamber

The first term of the equation {(BR.4p./p,)} converts the true leak rate to that of helium.
The second term {1 — exp(BRe4t./Vp,)} calculates the amount of helium entering the
package during the bomb cycle t,. The third term {exp(BR.qtq/Vp,)} represents the

amount of helium remaining in the package at test time t;. Howell-Mann Equation

assumes that all flow to be molecular and there is no helium sealed within the package.

According to the MIL-STD-883G specification, test method 1014.10 allows the use of the

following table (Table 3.1) where the measured leak rate is related to the test parameter:
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Table 3.1: Fixed conditions for test condition A;

Volume of - Ry
package (V) Bomb condilion
incm® Reject limit
(atm cc/s He)
Psia Minimum Maximum dwell
12 exposure time hours (1)
hours (1)
<0.05 75 2 1 5x10°®
>0.05- <0.5 75 4 1 5x10°®
0.5 - <1.0 45 2 1 1x 107
>1.0 - <10.0 45 5 1 5x10°
>10.0 - <20.0 45 10 1 5x10%

Based on the different volume of the internal cavities in the package, the bomb condition
and rejection limit were used. The internal cavity volume of the ceramic package that was
used for encapsulation is 0.3 cm®. Thus, the sealed package was pressurised at 75 psia for
4 hours and the rejection limit of 5 x 10® atm cm®/s helium according to the MIL-STD-

883G specification was used.

3.2.10 Thermalgravimetric analysis

The Thermalgravimetric Analysis (TGA) was used to check for any decomposition in the
glass frit when it was exposed to high temperature. It is a thermal analysis method that is
used to measure any physical or chemical properties changes in the materials as a

function of increasing temperature or time. Signs of decomposition can be observed when

there is a drop in the weight of the sample.
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CHAPTER 4: RESULTS & DISCUSSION

4.1 Characterisation of AGC glass frit
To find out and understand more about the AGC glass frit that is used for this proposed

research, the following characterisation technique was done.

4.1.1 DSC characterisation of AGC glass frit

In order to ensure that the encapsulation material glass frit does not soften at temperature
300°C during usage, the Ty of the glass frit has to be determined. The graph below shows
the DSC result of the glass frit paste that was heated to 1000°C at 5°C/min and cooled to

room temperature at 5°C/min.

DSC of Glass Frit

1.00E-01
-4.60E-15 |+
200 3 0 600 700 800 900 1000
-1.00E-01 N/ ~
g) I 0
E Tg=366 C
= -2.00E-01 Heating
=3 Cooling
(@)
m -3.00E-01
)
o
o5
I

-4.00E-01 \\
-5.00E-01 \J
-6.00E-01

Temperature, °C

Figure 4.1: Graph of DSC curve of glass frit
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It was stated previously that at the T4 point, the increase in specific heat will lead to an
increase in the thermal lag of the sample relative to the reference and this results in a shift
in the baseline, or offset, of the heating curve. On Figure 4.1, it clearly shows a shift in
the baseline at about 366°C. The peak close to 100°C in heating curve resulted from the
disturbance caused by the binder burnoff and diffusion of solvent out of the interface of
the glass frit bonding. The peaks occurring between 500°C — 1000°C in the heating curve
may be contributed by each of the oxides (network formers, modifiers and intermediates)
present in the glass frit. There is no peak in the heating curve indicating the presence of
melting temperature (see Figure 4.1). Similarly, there is no peak indicating the presence
of crystallisation temperature in the cooling curve. Having T4 at 366°C prevents the glass

frit from softening when the package is exposed to a temperature of 300°C.

4.1.2 XRD characterization of AGC glass frit

To determine whether the glass frit is vitreous or devitrifying after sealing temperature of

430°C, XRD was done for glass frit samples heated at 290°C and 430°C.

Intensity

10 20 30 40 50 60 70 80
2 theta

Figure 4.2: Graph of XRD pattern for glass frit heated to 290°C and 430°C
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In Figure 4.2, the diffraction pattern graphics show that glass frits heated to 290°C and
430°C are amorphous in nature and present no long range order [53] unlike in crystallised
structures, as seen from the broad XRD peaks of the graphs. This shows that the AGC
glass frit is of vitreous type, where the material exhibits softening behaviour at sealing
temperature. It allows users to carry out rework and reforming the poor seals if there is a

need to replace any failed component in the capped package [54].

4.1.3 EDS performed on glass frit

To determine the composition in the AGC glass frit, EDS was performed. Figure 4.3(a)
shows two pieces of ceramic substrates attached together with the glass frit as the
intermediate layer. The EDS result of the glass frit in Figure 4.3(b) is shown in Table 1.
Point 1 of Figure 4.3(b) is the matrix of the glass frit and the highest weight percentage is
Bismuth, at 78.27 wt%. The bismuth-rich glass frit is an alternative for lead-based glass
frit due to lead’s potential harmful polluting effects to the environment [55]. Both Pb**
and Bi** ions are highly polarisable, similar atomic weight and iso-electronic, therefore
bismuth oxide is a suitable replacement for lead oxide in the lead-free glass frit [56-57].
Point 2 of Figure 4.3(b) is the inorganic fillers that are sealed to the glass matrix to
minimise the thermal mismatch between the glass frit and the substrate [44]. The EDS

result for point 2 contains 6.97 wt% of Magnesium.
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Ceramic

Ceramic

Figure 4.3: SEM image of glass frit at (a) 1500% and (b) 5000% magnification

Table 4.1: EDS result of point 1 and 2 in Figure 4.3(b)

Elements Point 1 Point 2
wt% wt%
Bismuth 78.27 41.43
Zinc 8.95 2.2
Aluminum 1.08 16.08
Silicon 0.76 23.34
Oxygen 10.93 9.98
Magnesium - 6.97

4.1.4 TGA characterization of AGC glass frit

TGA is employed to check whether the glass frit decomposes at the thermal aged
temperature of 300°C. The glass frit went through TGA for a few runs to check for
possibility of decomposition of the glass frit. The results (see Figure 4.4) show that during
the first run, the weight started to decrease from 43 mg to 40.4 mg at 100°C and when the
temperature approaches 200°C, the weight remained constant. This indicates that at

100°C, due to the removal of organic binder and solvent, the weight decreased slightly.
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Subsequent reruns show that the weight does not have significant changes and therefore

the glass frit does not decompose even at a temperature of 1000°C.
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Figure 4.4: TGA of AGC glass frit

4.1.5 Fracture toughness of AGC glass frit

To find out the fracture toughness of the AGC glass frit, the Young’s modulus and the

hardness of the glass frit have to be obtained using Eq. (1) and (2) [58] below:

H =

aoaz - (1)
1 3
K. = & (E/H)2 (P/C(2,> - (2)

Where K. is the fracture toughness

P is the indentation peak load,

C, s the crack length,
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R s 0.016, which is a material-independent constant,

E is the Young’s modulus (calculated from Nanoindenter),
H is the materials hardness (Vickers hardness test),
a is the half diagonal of the indentation length,

d, Is 2, which is a numerical constant for the Vickers indenter.

The sample thickness for both Nanoindenter and Vickers hardness tester requires a thick
layer of glass frit. As such, the glass frit paste was screen printed on a piece of glass slide
and sent for glazing numerous times. This process was repeated for 15 times on the same
area (see Figure 4.5). The thickness of the glass frit on the glass slide has to be more than

850 um as it is the limit that the surface profiler can measure.

Figure 4.5: Glass frit on glass slide that is screen printed

and glazed for 15 times

The reduced modulus value was derived from the nanoindentations and the tests were
done using a Berkovich indenter with an apex semi-angle (6 = 65.27°) and effective cone
angle (o = 70.3°). It is then converted to the Young’s modulus readings from 40
indentations shown in Appendix 1 to derive an average value of 58.97 GPa with a
standard deviation value of 3.175. This falls within the literature value of the Young’s

modulus of oxide glass, which ranges between 50 — 90 GPa [59].
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The glass frit hardness value was derived from the Vickers hardness tester and 1 kgf of
load was used for each indentation. The table below shows the values of the material’s

hardness from each indentation:

Table 4.2: Hardness readings from each Vickers indentation

arcness (73

1 4.299
2 4.423
3 4.573
4 4.403
5 4.371
Average | 4.414
Standard Deviation 0.1

The hardness of the glass frit was concluded to be approximately 4.414 GPa, falling
within the literature range of 2 - 8 GPa [60] for oxide glasses. The bottom of the glass
slide was inspected for any cracks penetrating through the glass frit for each indentation

point so as to ensure the accuracies of the glass frit hardness value.

The average value of Young’s modulus (E) and hardness (H) were 58.97 GPa and 4.414
GPa respectively. The applied force P is 9.807 N (1 kgf of load). Taking these constant
values and the crack length C, of each indentation in the Vickers hardness test, the

fracture toughness K. was calculated and recorded in the table below:
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Table 4.3: Fracture toughness readings

Crack Length (um) Fracture Toughness (MPaVm)

51.8 1.538
56.1 1.364
53.6 1.460
46.9 1.788
44.5 1.934
Average 1.617

Standard Deviation 0.237

The average fracture toughness of the glass frit was calculated to be 1.617 MPaVm, as

shown above.

4.1.6 Flexural strength of AGC glass frit

To determine the flexural strength of the glass frit, the three point bend test was used in
this experiment where failure (presence of cracks) was ensured to occur only on the glass

frit and not on the base material (see Figure 4.6).

Figure 4.6: Glass frit cracked on a piece of stainless steel

after three point bend test

The flexural load was measured when the glass frit cracks and with the help of the
equations shown in Chapter 3.2.8, the flexural load and the calculated flexural strength

are recorded in the following Table 4.4:
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Table 4.4: Flexural load to flexural strength

Flexural Load (N) Flexural Strength (MPa)

303.4 152.72

300.7 152.24

295.3 149.76
Average 152

Standard Deviation 1.589

The average flexural strength of the glass frit, as shown above, is 152 MPa. Both material
properties, fracture toughness and flexural strength of the glass frit, are applied in
ANSYS™ simulation (see Chapter 5) to investigate the ability of glass frit to withstand a

high hydrostatic pressure of 207 MPa.

4.1.7 X-Ray inspection on Al,O3 to Al,O3 bonding using glass frit

Knechtel, R. et al. [39] reported that insufficient heat treatment could lead to the
formation of voids inside the bonded glass. To inspect for voids formed after bonding, X-
Ray inspection was performed on all the bonded samples. Figure 4.7(a) shows the sample
without load applied during sealing process where large voids can be clearly seen in the
bonded area using X-Ray inspection system. Figure 4.7(b) shows the sample with a
pressure of 0.15 MPa applied during the sealing process and it was observed to be void-
free. The glass frit bonding is similar to the thermo-compression technique as heat and
pressure are applied at the same time. This technique allows the binder gas to be squeezed
out of the glass frit and for glass frit to fuse with the Al,Os. Since all the bonded samples
were determined to be free of voids, it clearly demonstrates that the suggested heating

profile provides sufficient heat treatment to the glass bond.
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Figure 4.7: X-Ray inspection image of sample (a) with voids and (b) without void

4.2 Shear strength of glass frit bonding under thermal aging

In order to determine the bonding strength of glass frit bonding under thermal aging, the
Al,0O3 samples, bonded using glass frit, were subjected to aging at 300°C for 500 hours.
After thermal aging, the cross sectional details of one sample from each batch was viewed
under SEM. The rest of the samples were sheared under the temperature of 25°C (Room

temperature shear) and 250°C (Hot temperature shear) using the shear tester.

4.2.1 SEM image of thermal aged samples

To ensure that the thermal aged samples adhere well to each other through glass frit

bonding, SEM image were taken for samples aged from 0 — 500 hours at 300°C.
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0 hours

300 hours 500 hours

Figure 4.8: SEM image of samples aged from 0 — 500 hours at 300°C

Figure 4.8 clearly shows that all the samples adhered well to each other with glass frit
bonding even after thermal aging for 500 hours at 300°C. The flowability of the glass frit
is superior as it is able to flow to the undulating surface of the ceramic upon heating to Ty,.

The glass frit thicknesses for the sample are shown in Table 4.5.

Table 4.5: Glass frit thickness of samples

0 hours 6.2
100 hours 6.4
300 hours 7.4
500 hours 4.6
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In Table 4.5, it shows the glass frit thickness of the SEM images shown in Figure 4.8. The
thicknesses of samples taken from each batch were found to fall within the sub-micron
range (i.e. 4.6 - 7.4 um). All the sheared sample surfaces showed that the mode of failure
was a mix of cohesive and adhesive failure. If the glass frit thickness is much thicker, the
fracture would likely not propagate from one interface to the other, thus resulting in
cohesive failure generally. On the other hand, if the glass frit thickness falls below sub-
micron range values, fracture will likely occur solely on the interface, resulting in

adhesive failure.

4.2.2 Room temperature shear and hot temperature shear of thermal aged samples

For room temperature shear and hot temperature shear, the samples are sheared at 25°C

and 250°C, respectively. The results are shown as follows:

60 —a&— Hot Shear

—o— Room Shear
—-—- MIL-STD-883G
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Figure 4.9: Room temperature and hot temperature shear strength of samples under
thermal aged at 300°C for 1000 hours
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Figure 4.9 shows that all the samples exhibit shear strength above the minimally required
shear strength of 7.9 MPa according to the MIL-STD-883G specification before and after
thermal aging. This could be because the Ty of the glass frit is 366°C and the aging
(300°C) and hot temperature shear (250°C) temperature are both not high enough to cause
significant weakening of bonds between the oxides or deterioration of the adhesion
strength between the glass frit and ceramic. The room temperature shear was higher than
hot temperature shear for samples thermal aged from 0 hours to 500 hours and this could
be explained by a slight weakening of the adhesion strength between the glass frit and
ceramic during hot temperature shear at 250°C. There was a slight drop in shear strength
for room temperature shear and hot temperature shear from 0 hours to 100 hours aging.
This may be caused by damages to the glass frit internal structure during the initial period
of exposure to the aging temperature. According to Griffith, A.A., the theoretical strength
of glass is always higher than the strength obtained from practical work due to the
unavoidable presence of small flaws in the glass [61]. These small flaws are sub-
micrometric cracks that are inconspicuous and escape notice under optical inspection [62].
Likewise, flaws also exist in glass frit bonding. When samples were thermal aged at
300°C, the prolonged thermal aging acts as a form of stress concentrator and accelerates
the corrosive influence of the environment (primarily water vapour) on the glass [63].
This effect significantly sharpens the crack tip radius to a molecular dimension and
promotes slow crack growth with the stress-corrosion reactions concentrating at the crack

tip. This leads to a slight drop in shear strength after thermal aging at 300°C for 100 hours.

The induced thermal shock on samples when they were removed promptly from the
furnace for cooling after thermal aging can also be a possible reason behind the sudden
drop in shear strength after 100 hours of aging. Thermal stresses induced during rapid

cooling of a glass introduce flaws. Heating glasses for a prolonged period has also been
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shown to reduce their strength due to the formation of a small number of surface crystals,
or the bonding of dust particles to the glass surface [60]. In either case, a thermal
expansion mismatch creates local flaws during cooling. During thermal shock, stress is
generated at the surface due to instantaneous cooling while the bulk is still at the original
temperature. The amount of stress generated due to thermal shock can be calculated by
using the following Eq. (1):

EaAT
(1-v)

-

Where o is the stress due to thermal shock,
E is the Young’s modulus (58.97 GPa, obtained from nanoindentation),
AT is the temperature difference between surface (25°C) and bulk (300°C),
a is the thermal expansion coefficient of glass frit, and

I/ is the Poisson’s ratio (Assumption to be 0.3 [50])

The maximum stress experienced by the glass frit caused by thermal shock is calculated
to be 95.35 MPa. Although this is lower than the flexural strength of the glass frit, it may

cause minute flaws in the glass frit that cause the drop in shear strength.

From 100 hours to 500 hours of aging, the average hot temperature shear strength of
28.72 MPa remained almost constant. A good shear strength was achievable because of
the coefficient of thermal expansion (CTE) mismatch between the Al,O3 substrate (8.2 x
10°®/°C) and glass frit (8.4 x 10°/°C) is very small. Eq. (1) below was used to calculate

the shear stress imposed due to CTE mismatch:

Yy = (ab - ac)(Tmax - TO) -

y=(8.4x 10°-8.2 x 10°°) (300-25)
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=55x 107
c =Gy

6=26.2x5.5x10°=0.001441 GPa

Where v is the Shear strain
ap IS the Thermal expansion coefficient of glass frit,
ac is the Thermal expansion coefficient of Al,O3 substrate,
Tmax 1S the Maximum temperature (300°C),
Tois the Room temperature (25°C),
o is the Shear stress,

G is the Shear modulus of glass frit (assumed to be 26.2 GPa [64]).

The shear stress calculated is 1.441 MPa. Since this magnitude of stress is comparatively

small, there was no sign of delamination for the samples.

In order to determine the limits of glass frit bonding, the samples were aged till 1000
hours. A 30% dropped of hot temperature shear strength to 19.72 MPa was observed. The
SEM image in Figure 4.10 shows the interface of the sample aged for 1000 hours, where
there seems to be good adherence with glass frit as the intermediate layer. Although the
SEM image shows good adherence between the ceramics and the glass frit, there is still a
drop in shear strength upon aging at 300°C for 1000 hours. This could be due to the stress
corrosion effect. We understand that the low strength of glass is contributed by the
unavoidable presence of small flaws in the glass and these small flaws are submicrometric
cracks that often go unnoticed under optical inspection. With long duration of thermal
aging as a form of stress concentrators, the corrosive influence of the environment on the
glass is accelerated. This effect will significantly sharpen the crack tip and leads to
weakening of the internal structure of the glass frit. Thus, although the SEM image shows

good adherence between the alumina and the glass frit, in actual fact, the strength of the
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glass has been lowered. The graph (see Figure 4.11) of the crack propagation velocity as a

function of the applied stress intensity factor (stress state near the tip of the crack) derived

in a study done by Wiederhorn and Bolz in 1970 [65] shows that as temperature increases,

the graph will shift towards the left as the crack propagation velocity (v) increases with

temperature at a constant stress intensity factor (Kj).

Figure 4.10: SEM image of sample aged for 1000 hours at 300°C
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Figure 4.11: Effect of temperature on the crack propagation in sodalime glass

(from Wiederhorn and Bolz 1970 [65])
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Despite aging for 1000 hours, both the hot temperature shear and room temperature shear
strength (see Figure 4.9) remained well above the required shear strength of 7.9 MPa, as
stated under the MIL-STD-883G specification. This shows the potential of glass frit

bonding in withstanding high temperature of 300°C even till 2000 hours.

4.2.3 SEM image of the surface of shear fractured samples

The surfaces of the shear fractured samples were inspected using the SEM (see Figure
4.12). In Figure 4.13 (a), the black regions consist of both aluminium (see Figure 4.13 (b))
and oxygen (see Figure 4.13 (c)) which implies the presence of Al,0s;. Using X-Ray
mapping, the white regions in Figure 4.13 (a) consists of bismuth (see Figure 4.13 (d))
and it implies the presence of the bismuth-based glass frit. Likewise in Figure 4.12, the
black regions are Al,O; and the white regions are bismuth-based glass frit. It was
observed that there were traces of Al,Ozon the glass frit and also Al,O3 surface being
exposed with no glass frit on both top and bottom of the samples. This shows that it is a
mixed mode of fracture consisting of both cohesive and adhesive failure or simply to say
it fails by alternate fracture shown in Figure 4.14. The normal glass cleavage morphology
(mirror, mist and hackle morphology) does not apply to the glass frit under shearing. This
is due to the alumina fillers and micro voids that are present in the glass frit. The fillers
deflect the direction of the cracks propagate, creating a tortuous path for the cracks [39]
and the shearing force direction from the side of the sample, thereby giving a different

type of morphology.
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Figure 4.13: X-Ray mapping of shear fractured surface: (a) SEM image (b) Aluminium
(c) Oxygen (d) Bismuth
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fracture in
glass frit

‘ Shear Test

Figure 4.14: A diagram showing the mixed mode of fracture of the shear test
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4.3 Helium leak test of glass frit bonded ceramic package under thermal aging

Despite having a good shear strength for ceramic to ceramic joining using glass frit as the
intermediate layer even after exposing to high temperature of 300°C for 500 hours,
helium leak test has to be done in order to determine whether prolonged thermal aging

affects the hermeticity of the ceramic package.

4.3.1 X-Ray inspection on ceramic package using glass frit bonding

To inspect for the formation of voids after bonding, X-Ray inspection was performed on
all the bonded packages. Figure 4.15 shows the package after sealing with glass frit
bonding and voids were observed in the bonded area using X-Ray inspection system. The
reason for voids to be present in the sealed area is that the sealed area has a larger area as
compared to the experiment using 2.5 mm x 2.5 mm ceramic substrate to find out the
shear strength of glass frit. The larger sealed area resulted in organic binders being
trapped in the matrix of the glass frit. Despite the appearance of voids in the sealed area,
the hermeticity of the package was not affected as the key to hermeticity is that there must
be no interconnecting voids creating a leakage path from the internal package to the

external environment.

Figure 4.15: X-Ray inspection image of a package sealed using

glass frit bonding
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4.3.2 Helium leak rate of ceramic package under thermal aging

The helium leak test makes use of the helium detector to measure the leak rate of the
sealed package that was previously pressurised with helium when placed in the bomb
chamber. According to the MIL-STD-883G specification, the rejection limit to the 0.3

cm® cavity package will be 5 x 10 atm cm®/s helium.

4.3.2.1 Helium leak rate result of glass frit paste apply on encapsulation lid

Table 4.6: Helium leak rate of package under thermal aging at 300°C for 500 hours

(glass frit paste apply only on encapsulation lid)

100 hours 300 hours 500 hours
S1

Leak rate (atm cm®/s helium)

8 8 8

o - -7 o
41x10 5.8x10 1.7x10 6.3x 10

S2 -8 -7 -7 -8
1.1x10 4.0x10 1.1x10 8.0x10
S3 -8 -8 -7 -8
45x10 4.1x10 1.0x 10 3.9x10
sS4 -8 -7 -8 -8
3.2x10 1.7x10 5.3x10 6.5x 10
S5 -8 -8 -8 -8
3.2x10 6.8 x 10 5.6 x10 5.1x10

Table 4.6 shows the helium leak rate of the ceramic packages, where glass frit paste is
only applied onto the encapsulation lid. The packages underwent thermal aging at 300°C
for 500 hours. Although the samples survived before being subjected to thermal aging, all
the helium leak rates of the samples fell above the rejection limit of 5 x 10® atm cm®/s

after 300 hours of thermal aging at 300°C.

According to the shear test results, glass frit bonding remained strong and the shear
strength remained almost constant even after thermal aging at 300°C for 500 hours. This

shows that the glass frit material and bonding with ceramic have the ability to withstand
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this harsh temperature. The postulated reason for the failure of all the samples is the
application of glass frit paste on only one surface of the package. Therefore, more tests
were conducted with the application of glass frit paste on both the encapsulation lid and

substrate before sealing together.

4.3.2.2 Helium leak rate result of glass frit paste apply on both encapsulation lid and

substrate

Table 4.7: Helium leak rate of package under thermal aging at 300°C for 500 hours

(glass frit paste apply on both encapsulation lid and substrate)

Sample 100 hours 300 hours 500 hours

Leak rate (atm cm®/s helium)
8

86 g -8 -8 -8
1.5x10 3.1x10 1.4x10 2.7x10

87 -8 -8 -8 -8
15x 10 2.0x 10 1.9x 10 1.6 x 10

88 -8 -8 -8 -8
2.3x10 1.3x10 1.4x10 9.2x10

s9 -8 -8 -8 8
1.9x 10 2.6x 10 3.5x 10 3.8x 10

9 -8 -8 8
S10 5.9 x 10 1.5x 10 1.7x 10 47%10

Table 4.7 shows the helium leak rate of the ceramic packages, where glass frit paste is
applied onto the encapsulation lid and substrate, underwent thermal aging at 300°C for
500 hours. The results show that all the samples were able to achieve hermeticity up to
300 hours and upon reaching 500 hours, all samples passed the helium leak test except for
sample S8. This shows that glass frit bonding can be used for MCM hermetic
encapsulation for high temperature application as four out of five samples passed the
helium leak test. Sample S8 might have failed the test due to inherent inconsistency

resulting from the manual application of glass frit.
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4.3.3 Difference in glass frit applied on single side and double side

In order to determine the difference between glass frit applied on single side (see Figure
4.16(a)) and on double side (see Figure 4.16(b)), shear test was performed on the joints
made by applying the glass frit on one side (Single side) and both sides (Double side) of

the ceramics substrate before sending for thermo-conditioning.

e
L e
(a) (b)

Figure 4.16: Schematic diagram of (a) Single side (b) Double side

4.3.3.1 SEM image of glass frit applied on single side and double side

Figure 4.17: SEM image of (a) Single side (b) Double side

From the SEM image as seen in Figure 4.17, no difference was observed in the structure
of the glass frit for both single and double side. Both the images show that the glass frit

adhered well to the Al,O3 surface. The only difference is the thickness of the glass frit as
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the single side has only one side applied with glass frit paste but for double side, has both

encapsulation lid and substrate applied with glass frit paste.

4.3.3.2 Shear strength of glass frit applied on single side and double side

80
70

60

50 - ¢
. B  Room Shear
40 ® Hot Shear

1 - S MIL-STD 883G
30

20

Shear Strength, MPa

10 A

| |
Single Side Double Side

Figure 4.18: Shear test result for glass frit applied on

single side and double side

For room temperature shear, as seen in Figure 4.18, whether glass frit was applied on
single or double side, there is no effect on the shear strength as both the shear strength
that are of approximately 50 MPa. However, the difference was evident after hot
temperature shear performed at 250°C. The samples with single side applied with glass
frit presented a prominent drop in the shear strength with some with shear strengths
falling below the rejection limits. For samples with both sides applied with glass frit,

there was only a slight drop in the average shear strength. Therefore, these may be the
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reason for sample S1-S5 to fail the helium leak test after going through thermal aging at
300°C. For the case of the single side, only the encapsulation lid is applied with glass frit
paste and goes through the thermo-conditioning step (see Figure 3.4), therefore the glass
frit has more bonding strength to the surface of the encapsulation lid. Upon thermal aging,
the interface between the glass frit and the substrate on single side gets weakens and
delaminates easily. As for the double side, both the encapsulation lid and substrate have
glass frit paste being applied on them before undergoing the thermo-conditioning step and
during the sealing stage both side of glass frit on the double side soften and merged

together to form a glass frit bond.
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CHAPTER 5: SIMULATION

5.1 ANSYS™ simulation of package encapsulated with glass frit

To determine the possibility of using glass frit as a sealing material for encapsulated
packages that can withstand high hydrostatic pressure of 207 MPa and whether the glass
frit can withstand cooling from joining temperature, ANSYS™ simulation was performed.
In Chapter 4, the mechanical properties of AGC glass frit were found and are tabulated as

follow:

Table 5.1: Mechanical properties of AGC glass frit

Fracture Toughness 1.617 MPaVm
Flexural Strength 151.906 MPa
Young’s Modulus 58.97 GPa

Hardness 4.09 GPa

The mechanical properties of the AGC glass frit in Table 5.1 were used in the simulation
to determine whether the sealing layer will crack under high hydrostatic pressure. The
design of the package in this simulation is similar to the experiment conducted in the
hermeticity test, whereby an Al,O3 encapsulation lid of dimensions 14 mm x 14 mm x 5
mm with a cavity of 10 mm x 10 mm % 3 mm was attached to the Al,O3 substrate base of
14 mm x 14 mm with a layer of glass frit of thickness 0.00615 mm (see Figure 5.1). The
average glass frit thickness was derived from Table 4.5. In the simulation, the package
was subjected to a hydrostatic pressure of 207 MPa. The bottom face of the package was
selected to be the fixed support to prevent sliding from occurring when hydrostatic

pressure was applied. Subsequently, the thickness of the glass frit was changed to 0.1 mm
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and 0.5 mm to investigate the effect of different glass frit thicknesses on the stress

distribution on the package.

encapsulation lid

Glass frit
0 4.5e+003 921003 (um) A I 203 ba.se

2.25e+003 6. 75e+003

Figure 5.1: Lid attached to base package design

5.1.1 Effect of hydrostatic pressure on the package

In Figure 5.2, it shows the stress distribution of the Al,O3; encapsulation lid from the
bottom up view. According to the Accuratus material data sheet [66] of Al,Os, the
flexural strength is 379 MPa. The flexural strength for glass frit was calculated to be 152

MPa previously. Thus, these values were used as a reference level for simulation.

The simulation showed that when the package was subjected to 207 MPa of hydrostatic
pressure, the centre region of the encapsulation lid experienced high stress concentration,
represented by orange and red. The orange and red regions represent the point where the
Al,O3 could possibly fail as the principle stress experienced in the region was above 379
MPa. This high stress was due to the presence of the cavity in the package, which in turn
prevented the transfer or distribution of stress. Figure 5.3 shows the stress distribution of
the Al,O3; base from the top down and bottom up view. From Figure 5.3 (), it can be

observed that the Al,O3base area which the encapsulation lid sits on has a lower principle
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stress as compared to the area that was exposed to the cavity. Similarly, this can be
explained by the presence of a cavity which hindered the transfer of stress. In Figure 5.3
(b), minute orange and red zones formed at the outer corner edges of the base can be
observed. Thus, it can be inferred that cracks may occur at the outer corner edges of the
base when subjected to 207 MPa pressure. The significance of the failure due to cracks in
the encapsulation lid outweighs that caused by cracks forming at the outer corner edge of
the base. The failure of the encapsulation lid at the top may also result in the base to fail
as there is no protection from the top to absorb the stress. In order to protect the base from
failure, it was proposed by Phua, E. et al. [67] to increase the base thickness to above 3
mm as their experimental results proved that no failures were observed when the bases
thickness is greater than 3 mm. Figure 5.4 shows the stress distribution of the glass frit
from the top down view. Higher stress was observed on the outer corner edges of the
glass frit layer. Even though the stress is higher on the outer corner edges, no cracks were
formed as the principle stress at the region is much lower than 152 MPa. This could be
because the glass frit is too thin to absorb the hydrostatic pressure. A study on the effect

of different glass frit thicknesses will be discussed later.

Maximum Principal Stress - top
Type: Maximum Principal Stress
Unit: MPa

Time: 1

1/8{2014 6:36 PM

704.76 Max

-957.66 Min

Se+003 1e+004 (um)
2.5e+003 7.5e-+003

Figure 5.2: Stress distribution of the encapsulation lid

subjected to 207MPa of hydrostatic pressure
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Maximum Principal Stress -base
Type: Maximum Principal Stress

Unit: MPa

Time: 1

1/8/2014 6:35 P4

11108 Max
744.88
m

%94
1598
50.19

4 59,405

= -169.01
-278.61
-388.21 Min

Se+003 1e+004 (um)
2.5e+003 7.5e+003

(b)

2.5e+003

Se+003 16+004 (um)
7.5e+003
(a)

Figure 5.3: Stress distribution of the base subjected to 207MPa of

hydrostatic pressure in: (a) Top down view (b) Bottom up view

Maximum Principal Stress - glass frit
Type: Mazimum Principal Stress

Urit: MPa

Time: 1

1/8/2014 £:38 PM

152
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109,61
£7.216
24,824
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-115.47
-213.38
-311.29
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1] Se+003 1e+004 {um)
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Figure 5.4: Stress distribution of the glass frit subjected to

207MPa of hydrostatic pressure

Directional Deformation
Type: Directional Deformation ( Z Axis )
Unit: pm

Tire: 1

1{7/2014 12:50 PM
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T ]
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Figure 5.5: Directional deformation at z axis of the package subjected to

207MPa of hydrostatic pressure
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Figure 5.5 shows the directional deformation along z axis of the package when it was
subjected to a hydrostatic pressure of 207 MPa. It can be observed that the centre top lid
experienced very high compressive stress and the rest of the region of the package
experienced high tensile stress. The design of the encapsulation lid is unsuitable for

experimental usage as the top centre region on the lid will most likely be damaged by the

high pressure.

5.1.2 Effect of hydrostatic pressure on package with different glass frit thicknesses

Maximum Principal Stress - top
Type: Maximum Principal Stress
Unit: MPa

Time: 1

1/8/2014 8:52 AM

704.76 Max
379

188.05
-2.9018
-193.85
-384.8
-575.75
-766.71
-957.66 Min

1] 3.5e+003 7e+003 (um)
[~ EEaaaa—— S |

1.75e+003 5.25e+003

Figure 5.6: Stress distribution of the encapsulation lid with
glass frit thickness of 0.00615 mm

The stress distribution in Figure 5.6 shows that the maximum principle stress
concentration is located at the centre region of the encapsulation lid under 207 MPa of
hydrostatic pressure. To determine the relationship between the maximum principle stress
of the encapsulation lid and the change in glass frit thickness, the following plot was

drawn after several simulations (see Figure 5.7).
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Figure 5.7: Maximum principle stress at the centre region of encapsulation
lid versus the glass frit thickness

From Figure 5.7, it can be derived that as glass frit thickness increases, the maximum
principle stress at the centre region of the encapsulation lid decreases and beyond 10 mm,
the maximum principle stress starts to remain almost constant. This could be due to the
transfer of stress onto the surface of the glass frit, thereby relieving the principle stress at
the centre region of the encapsulation lid. This can be seen in Figure 5.8 where the
maximum principle stress in glass frit thickness of 10 mm is above the flexural strength
of the glass frit. Cracks would probably form on the bottom side of the glass frit when
subjected to 207 MPa of hydrostatic pressure. Increasing the thickness of the glass frit
would not reduce the maximum principle stress at the centre region of the encapsulation
lid below the Al,Os flexural strength of 379 MPa and beyond 10 mm, cracks would form
on the glass frit. Furthermore, it is also experimentally impossible to increase the glass frit

thickness to 10 mm.
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Maximum Principal Stress - glass frit
Type: Maximum Principal Stress
Unit: MPa

Time: 1

1/10/2014 5:16 PM

908.86 Max
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1e+004 (um)
7.5e+003

Figure 5.8: Stress distribution of the glass frit with

thickness of 10 mm

Figure 5.9 shows the stress distribution of glass frit thicknesses of 0.00615 mm, 0.1 mm
and 0.5 mm in a package subjected to 207MPa of hydrostatic pressure. It was observed
that when the thickness of the glass frit increased from 0.00615 mm to 0.5 mm, the
amount of principle stress on the inner surface of the glass frit layer also increased from
-178.5 MPa to 79.688 MPa. This can be explained by the larger glass frit surface area at
the outer surface exposed to hydrostatic pressure. With the cavity, no stress on the inner
side of the glass frit can be transferred and resulted in high principle stress. Another
possible reason could be that, as explained previously, when the thickness of the glass frit
increases, the principle stress will be transferred from the centre region of the
encapsulation lid onto the surface of the glass frit. Even though the principle stress on the
glass frit increases with the glass frit thickness, the stress is still lower than the flexural

strength of the glass frit, therefore no cracks or failure will occur.
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Figure 5.9: Stress distribution of glass frit with thickness of:
(a) 0.00615 mm (b) 0.1 mm (c) 0.5 mm
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From this, it can be concluded that the use of thicker glass frit can reduce a small amount
of principle stress forming at the centre of the encapsulation lid but increases the principle
stress on the glass frit layer. Therefore, a thicker encapsulation lid may be a possible
solution to provide better stress resistance at the centre region of the encapsulation lid

without inducing higher principle stress on the glass frit.

5.1.3 Effect of hydrostatic pressure on package with a thicker encapsulation lid

Figure 5.10 shows the stress distribution of a 6 mm thick Al,O3 encapsulation lid that was
subjected to 207 MPa of hydrostatic pressure. The increase in the encapsulation lid
thickness from 5 mm to 6 mm made it more stress-resistant as the maximum principle

stress at the centre of the lid is 278.31 MPa, which is lower than the flexural strength of

the A|203.
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Figure 5.10: Stress distribution of 6 mm thick encapsulation lid

subjected to 207MPa of hydrostatic pressure

The stress distribution in the base with the increase of Al,O3; encapsulation lid thickness
(see Figure 5.11) shows that the maximum stress at the edge of the base in Figure 5.11 (b)

became lower as compared to Figure 5.3 (b). Even though cracks may form at the outer
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edge of the base, the cracks may not propagate through the bulk material as the bulk

material experiences very low principle stress as compared to the corner edge.

Maximum Principal Stress -base
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(b)
Figure 5.11: Stress distribution of base with 6 mm thick encapsulation

lid subjected to 207MPa of hydrostatic pressure in:

(a) Top down view (b) Bottom up view

As for the stress distribution in the glass frit with the increase of Al,O3; encapsulation lid
thickness (see Figure 5.12), the maximum stress at the outer corner edge of the glass frit
is much lower than the flexural strength of the glass frit. Therefore, increasing the
thickness of the encapsulation lid further protects the glass frit and base from the high

pressure by absorbing more pressure from the top.

Masimum Principal Stress - glass frit
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Figure 5.12: Stress distribution of glass frit with 6 mm thick encapsulation
lid subjected to 207MPa of hydrostatic pressure
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CHAPTER 6: CONCLUSION

This project aims to investigate the feasibility of using glass frit bonding in MCM
hermetic encapsulation under harsh environments for industrial applications like deep sea
oil rigs, industrial chemical or nuclear plants, geological surveys, space vehicles, and
military installations. Glass frit bonding was chosen for the encapsulation of MCM due to

its advantages discussed above.

From the initial characterisation of the AGC glass frit paste, it was determined to be of
vitreous type bismuth-based glass frit and has a T4 of 366°C. The flexural strength of the
glass frit was determined to be 152 MPa. SEM images of the glass frit bonding interface
show that the Al,O3 can adhere well. Furthermore, the shear test results for Al,O3 to
Al,O3 bonding using glass frit after aging for 500 hours at 300°C remains constant and
above the MIL-STD 883G of 7.9 MPa. This implies that the bond between the Al,O3 and
glass frit remains strong despite thermal aging. Glass frit bonding was used for
encapsulation on Al,O3; packages and all the samples, except one, passed the MIL-STD
883G after thermal aging for 500 hours at 300°C. Therefore, it proves that using glass frit
bonding for Al,O3 MCM hermetic encapsulation under high temperature environment is

feasible.

ANSYS™ simulation has shown that glass frit is able to withstand high pressure testing
of 207 MPa without forming possible cracks. While an increase in glass frit thickness
resulted in a slight decrease in principle stress on the encapsulation lid, it increases the
principle stress on the inner surface of the glass frit. When the thickness of the

encapsulation lid was increased to 6 mm, not only did the lid became more stress-resistant
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and was able to tolerate 207 MPa of hydrostatic pressure, the principle stress on the glass

frit and base became lower.

To conclude, glass frit bonding is an excellent hermetic encapsulation sealant against high
temperature environment of 300°C and is also suitable for high-pressure environment of

207 MPa according to both experiments and simulation respectively.
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CHAPTER 7: FUTURE WORK

The future work of this project will be discussed as follows:

1.

3.

4.

To characterise the voids present at the package sealed area by using Computed
Tomography (CT) scan as the equipment is able to determine the level of the glass

frit bonding in which voids are present and scan for any fine cracks.

Ceramic to ceramic samples, bonded using glass frit bonding, will be thermal aged
at a higher temperature of 350°C, 400°C and 450°C for 500 hours and sheared to
find out the shear strength of the glass frit bonding on ceramic and also to

investigate the possible failure mechanism under even higher temperatures.

According to Chidambaram, V. et al. [1], ruggedized electronics used for deep sea
oil rig data acquisition have to withstand a high pressure of 207 MPa. This amount
of pressure is equivalent to two full-grown, male African elephants acting on the
electronic devices. Therefore, it is very important to ensure that the hermetic seal
of the ceramic package using glass frit bonding does not fail during the 500 hours
of high pressure. CIP will be used to apply pressure on the sealed packages and
check for the survivability of the package by measuring the helium leak rate of the
ceramic package. The sealed package can then be placed in a high temperature

and high pressure tester and check for the helium leak rate.

Wiemer, M. et al. [68] has reported that there is no influence from the glass frit
bond to the aluminium signal lines when the lines are embedded in the paste for
MEMS devices. Likewise, to ensure that copper metallisation (signal lines) can

also run through the sealing layer without affecting the hermeticity of the ceramic
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package, helium leak test on package with signal lines as well as electrical testing
on the effects of the bonded glass frit on the signal lines, will be considered. Apart
from hermeticity and electrical testing, mechanical testing of the glass frit bonding

between the metal and ceramic by measuring the bonding strength of it can be

«—— Shear
Ceramlc

Copper — '— Glass frit

done (see Figure 7.1).

Ceramic

L -
1

v 5

)

Figure 7.1: Shear test for ceramic-copper-glass frit-ceramic sample

5. According to the formulae shown below, R, which is the throughput per sec for
helium leak test is directly proportional to the square root of temperature.
Although the temperature effect is minor due to the square root, it has to be taken
account of when temperature increases. Therefore, will need an in situ helium leak

detector with a heater to correctly measure the leak rate under higher temperature.

T
R=F\/%(P1—P2)

P1 = Partial pressure on the high side

P, = Partial pressure on the low side

F = Molecular conductance of the leak channel
R = Throughput per second

T = Temperature in degrees K

M = Molecular weight of the leaking gas
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APPENDIX 1
1 62.778
2 62.269
3 61.714
4 66.678
5 61.924
6 56.399
7 64.880
8 55.050
9 61.087
10 61.720
11 61.181
12 62.740
13 61.663
14 58.826
15 64.418
16 57.973
17 S57.427
18 56.889
19 58.015
20 61.604
21 56.800
22 58.811
23 58.190
24 57.470
25 56.407
26 55.396
27 56.740
28 57.154
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29 55.107
30 58.078
31 62.064
32 54.106
33 55.650
34 56.120
35 56.124
36 59.322
37 54.299
38 61.537
39 58.591
40 55.596
| Average | 58.970 |
Standard Deviation 3.175
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