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Abstract

The trend of micro-€lectronic-mechanical-systems (MEMS) packaging requires cost-
effective and high performance packaging techniques The objective of this study is to
develop solid-liquid-interdiffusion (SLID) wafer-level bonding, a promised cost
effective and high performance bonding technigue for MEMS packaging. Two
techniques were addressed: Cu-Sn SLID and Au-In SLID bonding.

The main contributions are;

= Fully characterization of intermetallic formation during the Cu-Sn bonding
process

= Development of a numerical simulation model for IMCs thickness devel opment
during a Cu-Sn and Au-In bonding process, which could be used as a tool for
process design and optimization

= Development of an in-house process for Cu-Sn and Au-In SLID wafer-level
bonding

= Fabrication and testing of Cu-Sn and Au-In SLID wafer-level bonding, perform
mechanical integrity test at high temperature

= Propose new methods for fracture characterization

= Investigation of voids formation during the Cu-Sn SLID bonding process
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1 Introduction

1.1 MEMS

Microelectromechanical systems (MEMS) are integia®ystems that combine
electrical, mechanical and other interact-companeseing the first to combine moving
mechanical structure and electronic componentsi@bracale, MEMS is considered a
breakthrough technology and has become a distencésearch field with remarkable
progress [1] on advanced sensing systems, implentalomedical sensors, and
microactuators [2]. Nowadays, MEMS has been comiaeed in numerous
applications such as automotive, consumer mobibelymnts, biotechnology, medical,
and optical products [3]. According to predictiorole Development France report
2013 [4, 5]), the MEMS market has an annual grooftk15 % and could reach $ 22.5
billion in 2018. Although MEMS has been developedmany applications, the most
critical issue of MEMS commercialization is packaygi

1.2 MEM S packaging requirements and challenges

According to the industry reports, the packagirggatbly and testing still account for
35-60 % of the final cost of the devices [4, 6-TMli}e reason is that MEMS packaging
is much more complex than integrated circuit (IGckaging and usually requires
interactions with the environment [12, 13]. SincEMS have been implemented for
various applications, the packaging requiremenfexé on the end-applications. For
example, optical MEMS devices need optical communication with the environment;
implant medical devices need hiompatible materials; RF-MEMS need the electrical
interconnection. In general, the requirements ahdllenges of MEMS packaging

include:
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MEMS devices usually contain fragile structureghsas membrane, resonator,
accelerometer, etc. Therefore, the packaging of MEMequires more
mechanical support during the fabrication and pgickpprocess.

MEMS devices, such as mechanical resonator stes;tanicrobolometer needs
a vacuum environment for high performance and kengr reliability.
Therefore, hermetic sealing is required to perfoam internal vacuum
environment for the devices and protect devices filoe external environment.
In addition, the outgassing during the bonding faidication process must be
controlled.

The processing of MEMS fabrication includes many steps; the packaging must
be compatible with the devices manufacturing preces

MEMS devices include many different materials, #mel thermal stress during
the packaging process must be controlled to imptbeeperformance of the

devices.

1.3 Wafer-level packaging of MEM S devices

The trend in MEMS manufacturing is to increase potidn volume, reduce cost and

size, and improve the performance [8]. This treas taised new challenges for MEMS

packaging: hermetic sealing to improve the perforeeaof MEMS devices, high

production volume packaging and lowering cost. \Wieel packaging is an important

approach that meets the new demands of MEMS paukalgie to these advantages:

131

High production volume is enabled by using 8" wafe

Low cost: (since all the dies are packaged payatled processing cost per
product is reduced).

Miniature size: wafer-level packaging reduces thace between the dies, thus

reduces the size of the devices.

Wafer-level bonding techniques for MEM S packaging

Wafer-level bonding is an important process of MEp&Skaging. Over the years, there

are many different wafer-level bonding techniquasehbeen developed for MEMS

packaging. An overview of these bonding technigeeshown in Figure 1;land the



comparison of different bonding techniques is shown in Table 1.1. In this thesis, the

focus is on solid liquid interdiffusion bonding (SLID).

Wafer-level bonding for MEMS encapsulation

¥

With intermediate layer

v
Without intermediate layer

|

¥ v
Metal based Insulating Anodic
bonding layer bonding
I
[ 1 —
Thermocompressi Soldering Glass frit Adhesive
on bonding bonding bonding
[
¥ v
Eutectic Solid liquid interdiffuion
bonding bonding

Figure 1.1: Overview of wafer-level bonding techniques used to package MEMS devices

Table 1.1: Comparison of different wafer-level bonding techniques

Bonding techniq

ue Advantages

Disadvantages

Anodic

Direct metal

Mature technique, hermetic
high bond strength, low CTE miss-
match, narrow bond frame

Hermetic, high bond strength

(thermocompression)

Soldering

Solid liquid
interdiffusion
(SLID)

Glass-frit

Adhesive

Hermetic, self-alignment,
low process temperature

L ow process temper ature,
high bond strength, her metic,
high temper ature stability

High temperature (~560),
electronic charged (400-1000 V),
flat surface requirement

High temperature anckf,
flat surface requirement

Solder flow possibility, flux
medium bond strength,
low temperature stability

Complex process, in research
stage

Mature technique, hermetic, high boridarge bond frame ( > 200 pum),

strength

Very low temperature (150-20@),
low cost, flexible

high temperature (>450),
complex process

Low bond strength, non-hermetic
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1.3.2 Anodic bonding

Anodic bonding is a mature bonding technique, usually used for silicon to glass
bonding. The bonding is performed by applying high voltage (400-1000 V) at elevated
temperature (300-500°C) [14]. Anodic bonding produces uniform, high strength,
hermetic and long term reliability bonding suitable for MEMS encapsulation [15, 16].
This bonding technique has been well established for many applications, such as
resonator, pressure sensor and microfluidic devices [17-25]. Several commercial

applications of anodic bonding are shown in Figure 1.2.

Resonant accelerometer SA30

(Sensonor) Pressure Sensor SW414/15
(Sensonor)
Glass ™ ouT
Capsule [
GLASS

— T .‘_/,
GLAss  Amorphous Si

Integrated
Circuit
. Nano-fluidic devices

Silicon Receivin
Substrate gl

Coll —
8835 18KV %18 iam WD3S

Figure 1.2: Applications of anodic bonding for hermetic sealing of MEMS devices and encapsulation of nano-
fluidic devices [18, 22, 25, 26].

1.3.3 Glass-frit bonding

Glass-frit bonding uses special glass as an intermediate bonding layer. This glass must
have low melting temperature that could reflow at temperature 400-450 °C [27-29]. The
glass is deposited on the wafers using screen printing method. During the bonding
process, the glass is heated and melts. The liquid glass flows and wets the wafer surface
to form the bonding at atomic level. During the cooling process, glass-frit re-solidifies
and forms a reliable hermetic and strong mechanical bond [29-32]. An illustration of the

bonding process is shown in Figure 1.3. Glass-frit bonding is a mature technique for



MEMS encapsulation and has been well established for many commercial products.
Several applications of glass-frit bonding are shown in Figure 1.4. However, the main
disadvantage of glass-frit bonding is the large sealing area [33] which increases the final

product size.

Pressure

) 4

A A 4B ===

Heat
Printed structure Contact 2" wafer Start bonding Final bond
Figure 1.3: An illustration of glass-frit bonding process.
Glass cap Frit glass
_[ E‘[ Actuator
Through /

hole Contact Bump \

RF MEMS switch

infrared image

Accelerometer - Motorola Gyroscope

Figure 1.4: Glass-frit bonding applications for MEMS encapsulation [34-37].
1.3.4 Adhesive bonding

Adhesive bonding uses polymer as an intermediate bonding layer. During the bonding
process, the polymer is in liquid or semi-liquid form. Due to pressure, the polymer wets

the wafer’s surface and forms intimate bonding. Afterwards, the polymer is hardened
5
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by thermal or UV curing. The most important advantages of adhesive bonding are the
low temperature process and the low cost [38-43]. However, the resulting bonding is not
hermetic and has low mechanical strength. This bonding technique has been developed
for microfluidic and bio-MEMS devices fabrication, MEMS devices encapsulation and
served as temporary bonding for film and devices transfer [44-48]. Figure 1.5 shows an

application of adhesive wafer-bonding for RF MEMS devices encapsulation.

Figure 1.5: Application of BCB adhesive bonding for RF-MEMS encapsulation [45].
1.3.5 Metal diffusion bonding (thermocompression)

Direct metal bonding uses metal as intermediate layer. The most common metal
diffusion bonding techniques are Au-Au, Cu-Cu and Al-Al [49-59]. The metal bonding
performs a hermetic and high strength bond. In addition, compared to glass-frit bonding,
the metal bonding can shrink the bonding area by reducing the frame width and thus
reduce the final product size by about 50 % [33]. However, the planarity and oxidation
are critical for the bond performance. Chemical treatment prior to bonding is needed in
order to remove the oxidation layer on the metal surface if non-inert metal is used. In
addition, the process temperature is relatively high. The bonding temperature could be
lowered by surface activation with plasma or ultrasonic; but the activation process can
damage sensitive devices. The technique is used for hermetic sealing of MEMS devices
and 3D integration. Figure 1.6 shows several applications of metal diffusion bonding for

MEMS devices encapsulation.



= I Diclectric layer
R =
Au

. e Silicon
ThermoelectricIR sensor

MEMS Switch

Au-Au for LIS3DH 3-axis

RF MEMS encapsulation
accelerometer

Figure 1.6: Metal thermocompression bonding for MEMS encapsulation [33, 54, 56]

1.3.6 Soldering using standard solder

Soldering uses standard solder alloys as an intermediate layer. Normally, a metal layer is
needed to serve as under-bump metallization (UBM) to improve the adhesion of solder
to wafers. An illustration of the soldering process is shown in Figure 1.7. The solder is
deposited on the wafers by electroplating, printing or injection molded transferring
process [60-66]. The bonding temperature is above the melting point of solder alloy.
During the bonding process, the solder alloy reflows and wets the metal layer. During

the cooling process, the solder solidifies and forms a solid bond. Solder alloys react

with the UBM to form IMCs during the reflow and the bonding process.

Material A Material A

Intermetallic
Compounds

Material B Material B

Figure 1.7: Illustration of solder bonding process

Solder has been widely used in electronic packaging as interconnections [67-69]. For

MEMS packaging, soldering is mainly used in order to provide the electrical connection

7
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for the devices[70, 71], to package the devices that have different planarity [72] or to
enable low temperature packaging [72-74]. The technique is of interest for MEMS
packaging due to the low temperature process and being hermetic. However, soldering
has low temperature stability, low mechanical strength, and crack or voids formation

[68, 75-77]. Therefore, the application of soldering for MEMS encapsulation is limited.

Figure 1.8 shows one application of Sn-Pb solder for interconnections and optical
microarray encapsulation. One of the critical requirements of soldering is the use of flux
(cleaning agent) prior to bonding. The residual of impurities from flux could cause void

formation or crack that affect the bond performance.

Silicon

Silicon

Bonding area

AZE8" 1 8km

Figure 1.8: Solder application for interconnection and optical microarray encapsulation
[74, 78].

1.3.7 Solid liquid interdiffusion bonding

Solid liquid interdiffusion (SLID) bonding, also called transient liquid phase bonding
(TLP) or off-eutectic bonding or isothermal solidification bonding, is based on rapid

formation of intermetallic compounds (IMCs) between two metal components, one



metal with high melting temperature (Au, Cu, Ni,)Aand the other with low melting
temperature (In, Sn). The bonding process is paddrat low temperatures, just above
the lowest melting point. At the bonding temperatihe low melting component melts
and IMCs solidify isothermally. The reaction is bght to thermal equilibrium and the
resulting bond-line consists of only the high-mmgticomponent and IMCs with
elevated melting temperatures. An illustration MCls formation during SLID bonding
process and binary phase diagram of metal systethdwo used metal components is

shown in Figure 1.9.

TH
MGL
Liquid
<
Lial;in“M
| -~ _ _ _ _ _ I I
T
M, IMC M.,

Figure 1.9: lllustration of SLID bonding systemsh&matic phase diagram shows
binary equilibrium of metal systems with high-mmdfi (T4) and low-melting (T)
components, and IMC with high melting point. Thegass temperature, is above T.
The insert shows a schematic of a typical layeicsire for SLID bonding and bonding

process [79].

SLID bonding has received much attention from itiguand research activities due to

several advantages:
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High temperature stability: the final bond-line with IMCs and high-melting
metal has high temperature stability that allows repeating processing without
bond melting.

Moderate process temperature: compared to metal diffusion bonding, glass-frit
bonding and anodic bonding, SLID has lower process temperature. This allows
reducing thermal stress introduced during the bonding process and bonding of
devices that are sensitive to temperature.

High bond performance: metals are used as intermediate layers, which enable
high bond strength and hermeticity.

Low cost: metals are deposited by an electroplating process, which enables low
cost processing. In addition, flux-less is enabled by using symmetric bonding

[79] which removes the need of using flux

With these advantages, SLID bonding is becoming an attractive technique for MEMS

packaging. Many research activities have demonstrated SLID bonding for different

applications. Figure 1.10 shows several potential applications of SLID bonding for

MEMS encapsulation.

- contactpad
cap wafer _-getter /} antireflective coating cap ]
/ recess (optional)
l __________ )
Bond: ] Inter- i Sealing
ROIC IR sensitive pixel seal ring &seal! ! MEMS connect  ring
. I
Cu/Sn SLID bonding for microbolometer
encapsulation MEMS substrate

1k

£ pum plosed Gold —*

kA ndium -1 __
e ' — B

Interconnect
MEMS

& pum plascd €
A Cr

Au/In SLID bonding for image sensor module and Cu/Sn bonding for RF MEMS
Pirani Gauge encapsulation encapsulation and interconnect

Figure 1.10: SLID bonding applications [71, 80-82]
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Table 1.2: Comparison of different SL1D bonding techniques (refersto [83, 84])

Materials Bonding Re-melting References
Temperature(°C) Temperature (°C)

Cu-Sn (*) 260-300 676 [79, 85-87]
Au/Sn 280-350 500 [88, 89]
Au-In (*) 160-200 >495 [80, 90, 91]
Ag/Sn 250 600 [92, 93]
Ni/Sn 300 794 [94]

Ag/In 180-200 880 [95, 96]
Cu/ln 260-360 >600 [97]

The use of different SLID bond materials has besmahstrated for MEMS packaging.
A comparison of these materials is shown in Tab® Eor all SLID techniques, the
final bond has a much higher re-melting temperattwenpared to the bonding
temperature. In this study, two bonding technigu&s;Sn SLID bonding and Au-In
SLID bonding are presented.

1.4 Hermetic sealing of MEM S devices

1.4.1 Hermetic sealing

A particular requirement of MEMS packaging is hetimsealing. The main objective
of hermetic sealing is to define an internal envinent with accepted vacuum level for

MEMS structure in order to improve the performaand lifetime of devices.

A typical wafer-level packaging process for MEMSrhetic encapsulation is shown in
Figure 1.11. MEMS devices are fabricated on a @ewiafer. The other wafer is served
as cap-wafer. Cavity is performed on the cap-wébecreate an internal space for
MEMS devices. The sealing material is depositedbath cap and substrate wafers. In
order to perform an internal vacuum inside thetyathe wafers are bonded in vacuum
environment. After bonding, the sealing frame ptsehe device from the external

environment.

11
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Cap wafer _J Cap wafer I_ —-J Cap wafer L._
Device wafer Device wafer Device wafer
1. Process starts with two wafers : 2. The cavity is formed on cap 3. Bonding material is deposited
wafer to create device housing on both cap and device wafer

device-wafer and blank cap-wafer

e Tr—nr—r

Device wafer

4. Wafers are bonded by applying

S. Bonded wafer is diced into seperate chip
heat, pressure, and/or high voltage

Figure 1.11: Illustration of a typical wafer-level packaging process for MEMS

encapsulation.

1.4.2 Material requirementsfor hermetic sealing

To perform a hermetic sealing, the bonding material must be hermetic in order to protect
devices from gas and water diffusion into the package. Hermetic property of material is
evaluated by permeability rate. The permeability rate of a material is the diffusion rate

of gas atoms through the material.

‘Water permeability (g/cm*Torr)
-6 108 010 10-12 10-14 10-16

10! 10
Gases
o Slllcones
i Epomes
e Organlc Polymers
g10 HERMETIC
E / Fluoroc7bons MATE RlALS
£ ,02| NON-HERMETIC
MATERIALS
Silicon
103 Nitride Metals
Pure
Crystals
104
I ;1 10 100
Minute Hour Day Month Year

Figure 1.12: The permeability of materials as function of thickness. The highlighted line
indicates the boundary between hermetic and non-hermetic materials [59, 98]
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Figure 1.12 shows the permeability rate of diffenmaterials. The materials that have
less than one day sealing capability (permeahiitiarger than 1& g/cm*Torr) are
defined as non-hermetic materials. The materidldbald be used for hermetic sealing

includes glasses, silicon nitride and metals.

1.4.3 Vacuum level requirement of MEM S devices

Hermetic sealing is critical to almost all MEMS @ms, such as pressure sensor,
motion sensor and microbolometer. For the devibat ¢ontains moveable structures
such as accelerometegyroscope and resonator; an internal vacuum environment

eliminates the gas damping effect and improvegpénm®rmance of devices [99-101].

Table 1.3: Vacuum level requirement of different Mi& devices

Application Vacuum level Packaging technology Reference
Pressure sensor <1 bar Glass frit [102-105]
Anodic

Silicon fusion
Accelerometer 16> 1 bar Metal eutectic [19, 33, 106-108]
Metal thermocompression
Glass frit
Anodic bonding
High quality factor ~ 10°-> 10" bar Silicon fusion [30, 109]
resonator Metal with getter
Glass frit with getter
Gyroscope 18> 10? bar Metal eutectic [33, 110]

Metal thermocompression

Glass frit
Resonator magnetic 10° > 102 bar Glass frit [111, 112]
field sensor Silicon fusion bonding
Microbolometer < 10* bar SLID [56, 113, 114]
IR sensor Thin film evaporation

Metal thermocompression

For infrared microbolometer, vacuum environmentimires the thermal conduction

and convection and improves the thermal stabilitthe devices [56, 82]. For pressure

13
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sensor, an internal vacuum environment is needextder to perform a reference for
pressure measurement. The requirement of vacuwrhflavdifferent MEMS devices is

shown in table 1.3.
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2 Methodology

2.1 Cu-Sn SLID bonding

Cu-Sn solid liquid interdiffusion (SLID) bonding is based on rapid intermetallic
compounds (IMCs) formation between Cu and Sn. The bonding process is performed at
temperatures 250-300 °C [79, 82, 85, 115-118], which is above the melting point of Sn
(232 °C). At the bonding temperature, Sn melts; Cu diffuses into Sn and reacts with Sn
to form IMCs. The resulting final bond-line consists of Cu and IMCs with elevated

temperature stability.

1200
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0 10 20 30 40 50 60 70 80 90 100
Sn Mass % Cu Cu
a b

Figure 2.1: Equilibrium phase diagram of Cu-Sn binary systems and cross-section micrograph of Cu-Sn
bonded samples.

Figure 2.1 shows equilibrium phase diagram Cu-Sn binary systems and cross section

micrograph of final Cu-Sn bonded samples. The two IMCs that form during Cu-Sn

17
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bonding process are €&n and CgSrs with the temperature stability up to 6@6and
415°C respectively. The final bond consists of IMCs amdexcess Cu layer to isolate
the IMCs layer from adhesion layer and to ensui the final bond has high
temperature stability. Cu-Sn is becoming an aiftradechnique for MEMS packaging
due to low cost and high performance (high bondngith, reliable hermeticity, high
temperature stability and long term reliabilityi. &ddition, compares to other SLID
bonding processes, the phase diagram is simplethasdhe formation of IMCs during
bonding process is easier to predict and desddibeSn SLID bonding with high bond
strength, reliable hermeticity has been demonstrater MEMS packaging,
interconnection and 3D integration [82, 85, 119, 11120].

In the scope of this thesis, Cu-Sn SLID wafer-lex@hding has been demonstrated for
hermetic encapsulation of MEMS devices. The highperature mechanical integrity
has also been proven however further reliabiligfing is required to prove the method
for high temperature applications. IMCs formatiamidg the Cu-Sn bonding process
was fully investigated. The development of IMCsidgrbonding process was modeled
as a function of initial Sn thickness and tempegtprofile. This modeling is a
powerful tool for process design and optimizatiéotual bonding experiments were

demonstrated for hermetic encapsulation and higipéeature applications.

2.2 Au-In SL1D bonding

Au-In SLID bonding is based on the intermetallienpmunds formation of Au and In.
Due to the low melting point of In (15€), the bonding process could be performed at
low temperatures (< 20C) [90, 91, 121-123]. This is of interest for mapplications
since lower bonding temperature reduces thermakstin the package, and also
facilitates bonding of temperature sensitive devif@]. Another advantage is that an
Au rich phase could be formed during processingtand increases the maximum re-
melting temperature of the final bond. Figure Zhdves the binary phase diagram of
binary Au-In systems, presents a complex systenh witore than 10 different
equilibrium phases. The Au-rich IMCs could have gerature stability up to 50(C.
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Figure 2.2: Equilibrium phase diagram of Au-In binary systems.

A typical cross-section micrograph of an Au-In bonded sample is shown in Figure 2.3.
For Au-In, an initial In surplus thickness design is considered in order to tolerate the
rapid formation of Auln, which occurs even at room temperature. Therefore, different
from “standard” SLID requirement, there is no Au surplus in the final bond-line. The
formation of IMCs bonding is more difficult to predict due to complex phase diagram.
Therefore, for this actual bonded sample, the final bond-line consists of four different

IMCs, which is non-equilibrium.
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Figure 2.3: Cross-section micrograph of Au-In bonded samples with four IMCs present [91].

In this thesis, initial Au-In bonding is being demonstrated. The formation of Auln,

during bonding process was modeled as a function of initial In thickness and
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temperature profile. The mechanical integrity of-lAubonded samples at high

temperature was investigated.

2.3 Intermetallic formation during SL 1D bonding process

Intermetallic formation is one of the critical igsuof SLID bonding. The principle of
SLID bonding is based on the IMCs solidificatiortts bonding temperature, when the
low melting component (M melts. In order to obtain successful bondingighnust be
pure M available at the surface when the melting tempezadf M_(T.) is reached.
However, in a SLID bonding process, the temperatsirmised following a defined
temperature profile. The IMCs are formed during thenping process, even at a
temperature below,Tand M is consumed into IMCs. The challenge is predictiog
much M remains at the melting point Tvhich does not only depend on the initigl M
thickness, but also the temperature profile oratineunt of M that has been consumed
to form the IMCs. Therefore, the formation of IM@sring bonding process must be
well understood. In order to optimize the bondingcess, there is a need of a
simulation model for IMCs development during thell3lbonding process which can

predict remaining Mthickness.

2.3.1 IMCsgrowth kinetic coefficients

The general mechanism of IMCs formation during Shlihealing process is itself well
understood [124]. The formation rate of IMCs deeond both the diffusion rate and
actual chemical reaction kinetics. By assuming &fiogtion to one-dimension

diffusion model, the kinetics model of IMCs grovitiickness can be expressed by:

—-Q
Yi? — ¥o* = koeRT " Eq2.1

Wherey, is IMCs thicknessy, is initial IMCs thicknesst is annealing time at

temperaturel, k, is diffusion coefficientQ is activation energy, R is the gas constant
andn is an empirical coefficient; n = % corresponds to a direct solution of Fick’s,law
the introduction of the empirical coefficientopens for modeling an experimentally

observed time-dependent that deviates from a pditlysion controlled one.
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The kinetics coefficients of IMCs growth thicknessn be estimated by annealing the
sample at different temperatures and times. Fuitifermation is presented in our
articles [124, 125]. The estimated kinetics coédfits of IMCs during Cu-Sn and Au-In
annealing process are shown in Table 2.1 and TaBleNote that for Cu-Sn systems,
different values oh were obtained. This indicates that the IMCs foromats controlled
by the combination between diffusion and chemiection mechanisms. At low
temperatures, the chemical reaction rate is lowstoling down the growth of IMCs, a
lower value ofn was obtained. At high temperature, the chemicadttien rate is fast
and the effect of the chemical reaction is elinedat Therefore, the diffusion
mechanism dominates and % was obtained.

Table 2.1: Kinetics coefficients of CuzSn growth thickness and the amount of Sn that reacts with Cu to form
IMCs[124]

CusSn Reacted Sn
Diffusion coefficientk, 7.9x10 2.8x1d
[Hm?/min?
Activation energyQ [kJ/mol. K] 78 52
Empirical exponenn 0.5 for T>=23°C 0.45 for T>=18°C
0.4 for T<232C 0.3 for T<180C

Table 2.2: Kinetics coefficients of Auln, thickness growth, adapted from Zhang [121]

ko (cm?/s) Q (eV) n
T>150C 6.43 x 1076 0.46 0.5
T<150°C 1.20 x 1078 0.23 0.5

2.3.2 Modeling of IMCs development during bonding process

The objective of bonding process modeling is tddoai mathematical tool used for
bonding process design and optimization. The sitimmanodel for IMCs development
during the SLID bonding process was built basedherkinetics coefficients shown in
Table 2.1 and Table 2.2, using a numerical metRodany given time with assuming
given IMCs thicknesg; and temperatur®; with further assuming initial zero thickness
(Yo = 0), the required time that the sample has tarbeealed af; in order to obtain

IMCsy; could be estimated by:
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1
2ng
2
Vi
test = — Eq2.2
koeRTt

For a small time period fromto t+dt, we can assume that the temperature is kept at
constantdt. Using the extrapolation method, the IMCs or redc®n thickness atdt

could be estimated by:

—Q
Yivdt = \/koeRTt(test + dt)?™e Eq2 3

An example of the simulation result of IMCs devetgmt during Cu-Sn bonding
process is shown in Figure 2.4, where the IMCsktigss (CgSn and Cgbrg) and the

remaining Sn thickness are described as a funaiobond temperature profile and
initial Sn thickness. With this simulation, we garedict the critical parameters of the

bonding process:

= Remaining Sn thickness when the melting point ofsSeached
=  When all Sn is consumed into IMCs
=  When the final Cu/CG$n/Cu bond-line is achieved

For Cu-Sn SLID bonding, to obtain a successful bandt is important to ensure that
there is remaining pure Sn at the bond interfacervthe melting point of Sn is reached.
In addition, the objective is to achieve final Cu€&n/Cu bond-line that is

thermodynamic stable since no IMCs will be furtfemed during operation process.
Therefore, the model is a powerful tool for theiatidesign and optimization of Cu-Sn

bonding process.

In a Cu-Sn system, both €&n and CgSn; coexist for a given time. However, in Au-In
system, the first IMC that forms during the bondrmcess is Auknand this IMC
would be stable if there is excess In [126-129heDtIMCs would be formed after
Auln; if there is excess Au. In addition, the formatioh IMCs during the Au-In
bonding process is more complex to understand dueotnplex phase diagram.
Therefore, it is more complicated to achieve thastdesired final bond structure. In the
modeling, only Aula is taken into account. Figure 2.5 shows the sitiuanterface

for IMCs growth during Au-In bonding process.
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Figure 2.4: Simulation of IMCs development of Cu-Sn SLID bonding process. IMCs and Sn thickness are
described as functions of temperature profile and initial Sn thickness. At t;, all Sn is consumed into IMCs. At
t,, the final Cu/Cu3Sn/Cu bond-lineis achieved. The modeling is published in article 1[124].
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Figure 2.5: a)Auln, thickness development at room temperature storage and b) Auln, thickness development
during bonding process. Note that, in this simulation, only Auln, growth is taken into account. When Auln,
reaches the maximum thickness, the reaction may continue and other Au-rich phases are formed. The
modeling isnot published.

23



LUU, Solid Liquid interdiffusion wafer-level bonding for MEMS packaging

2.4 Design rulesfor SLID wafer-level bonding

2.4.1 Material selection

Two material systems that have been investigatéasrthesis work are Cu-Sn and Au-
In SLID. In the section below, the advantages arshdyantages of each material

system will be presented.

Using a symmetric Cu-Sn SLID bonding enables a-liiss bonding. This technique is
suitable for hermetic encapsulation and packagindewices, which operate at high
temperature. The most important advantage of C&I9D is low cost compared to
other SLID bonding techniques, such as Au-In, Au/Both metals used are low cost
and can be deposited by using an electroplatingegs In addition, the IMCs
formation during bonding process is simple compacedther SLID systems, such as
Ag/In, Au/Sn and Au-In, with only two equilibriumhpses: CsBn and CgSn.
Therefore, the bonding process is easily controlledwever, the limitation of this
bonding technique is thick metal layer requireméatsnpared to thermocompression).

Normally, the thickness of the final bond-line sto above 10 pm.

Au-In SLID bonding is addressed to MEMS hermeticcagrsulation. The most
important advantage of this technique is the lowdbtemperature. Au-In can perform a
strong and hermetic bonding at temperatures bel@’@. Low process temperature
reduces the thermal stress that occurs during bgnpiiocess and addressed to the
packaging of temperature sensitive devices. Anallgantage of Au-In bonding is that
the strong and hermetic bond can be performed ing ukin Au-In layer thicknesses.
The successful bonding can be obtained with 1um Hawever, the cost of this
bonding technique is high. The two metals usedraedively expensive. In addition,

Indium is sensitive to oxidation and requires dé@mosin an inert atmosphere.

2.4.2 Metal thicknessdesign

2421 Cu-Sndesign principle
Requirements for Cu-Sn SLID bond structure design:

=  Symmetric bond structure is used in order to enfiilpkeless bonding [87]. In a

symmetric structure, Sn is deposited on both wafers
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= The initial Sn thickness must be above the crit@rakhickness to ensure there is
Sn remaining on the surface when the melting pofnSn is reached. The
critical Sn thickness depends on temperature prafild could be estimated by
using IMCs modeling.

= For Cu-Sn SLID bonding, the desired final bond-lire Cu/CySn/Cu.
Therefore, the Cu-Sn thickness ratio must be latger 1.32, the ratio of Cu-Sn

thickness for full conversion to @bn is estimated by:

m
Yeu _ Mcu(Cussn) Psn _ 1.32 Eq2.4

YVsn mSn(Cu3Sn) Pcu

Hereyc, andys, are required Cu and Sn thickne®s,, cy,sn) andmgycy,sn) are Cu

and Sn mass in @8n,p, andp¢, are Cu and Sn mass density.

Si g

Si
Sn
Sn
5i

Si Si
Initial At the melting Final bond
point of Sn interface

Figure 2.6: Requirements of Cu-Sn SLID bond structure design.

2.4.2.2 Au-Indesign principle

The requirements of Au-In SLID bond structure desage presented in Figure 2.7.
Different from Cu-Sn bonding, In is only deposited one wafer and the final bond

only consists of IMCs.

= For Au-In, the most critical challenge is rapidnf@tion of Auln, which may
consume all In into IMC and cause fail bonding, rewa room temperature
storage. There are two solutions to tolerate thedtion of Auln: 1) use Ti as
diffusion barrier between Au and In to eliminates formation of Aulpat room
temperature [121P) design Au-In thickness with surplus In to ensure therlnis
remaining on the surface prior to bonding. Thist@micts to “standard” SLID
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requirement with surplus high melting componenttHis work, solution 2 is
selected. Therefore the In/Au initial thicknesgoramust be larger than 3.1 — is

the In/Au thickness for full conversion to Agdland estimated by:

Ym _ Min(Aulny) Pau —31 Eq25

y B May(Auin,) Pin
Herey, andy,, are In and Au thicknessi;,aun,) andmauyawm,) are In and
Au mass in Aulg, p;, andp,,, are In and Au mass density.
With In/Au thickness ration larger than 3.1, In @us Auln, formation.
Therefore, even all Au reacts with In to form Aylthere is pure In available
prior to the bonding.
There should be pure In available on the surfacenvthe melting point of In is
reached.
The overall In/Au thickness ratio depends on thigetzd final bond interface.
For examples, for the targeted IMC is,hy, the required In/Au thickness is

estimated by:

Min(Au,n
yln — (Auy y) Pau Eq2.6

Yau mAu(Auxlny) Pin
Herey;, andy,, are In and Au thicknesm,n(Auxmy) andmAu(Aux,ny) are In

and Au mass in Alny, p;,, andp,,, are In and Au mass density. Table 2.3 shows
the required In/Au thickness ratio for differemgeted IMCs.

Table 2.3: Required Au-In thicknessratio for different targeted IMCs

Phase my,/my, Yin/Yau
Auln;, 54/46 31
Auln 37/63 1.34
v (AusIn) 20/80 0.66
€ 15.5/84.5 0.49
B1 14/86 0.43
¢ 8/92 0.23
oy 5/95 0.14
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Figure 2. 7: Design principle for Au-In SLID bonding
2.4.3 Metal deposition

Two metal deposition methods were used in thisighedectroplating and thermal

evaporation.

For Cu-Sn bonding, thick metal thickness is regluir€herefore the electroplating
method is selected. Photoresist AZ4562 was useéldeasiask and Au was used as the
seed layer for the electroplating process. In otdeavoid Cu oxidation, the Sn is

electroplated immediately after Cu electroplatifiige Cu-Sn wafer fabrication process

e

is shown in Figure 2.8.

e |
Si Si Si
Backside and Frontside Cu and Sn electroplating Au and Ti/W etching

alignment mark etching

Figure 2. 8: Cu-Sn wafer fabrication process

In In
In In
= Au _
\'\
51 Ti/W Si 5i 51
Backside and Frontside Au and Ti/W etching In thermal evaporation Lift off

alignment mark etching

Figure 2. 9: Au-In wafer fabrication process
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For Au-In bonding, the thickness of In layer isnthihermal evaporation method was
selected for metal deposition. The Au-In wafer ii@tion process is shown in Figure
2.9. Photoresist was used as mask for In thermaparation. After evaporation,

photoresist was removed by lift-off process.

2.4.4 Bonding process

For both Cu-Sn and Au-In bonding, a two-steps biemdperature profile was selected
in order to reduce squeeze out of Sn and In. Argesn of the two-steps bond
temperature profile is shown in Figure 2.10. Thagerature is raised to the contact
temperaturd where the wafers are brought into contact and lppaedsure is applied.
The contact temperature is below the the meltingtpaf low melting componenty,
Wafers are kept ak; for several minutes and then raised to the bontdingperaturdy,
that is abovd,,. When the bonding process is finished, the tenperas ramped down

and bond pressure is released.

AN

Temperature

;3 ts
Time [min]

Figure 2.10: Typical two steps SLID bonding profile. In atwo steps bond profile, the temperatureisramped up
to the contact temperature T, that is below the melting point of low melting component T,. At contact
temperature, the wafers are brought into contact and bond pressure is applied. Wafers are kept at T for
several minutes. Then, the temperature is ramped up to bonding temperature T, which is above the melting
point of the low melting component.
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2.5 Characterization of bond performance

2.5.1 Cross-section investigation

Cross-section characterization is a common method to investigate the microstructure of
bonded samples, the voids formation during bonding process and the material changes.
In this study, the cross-section of the SLID bonded samples is investigated by using
optical microscope, SEM and EDS. Optical microscope is used for general observation
of the bond interface. With a well-prepared cross-section, voids formation could be
observed by optical microscopy. SEM and EDS were used for further investigation of
the intermetallic composition. The cross-section of the samples was prepared by using

mechanical polishing and ion milling methods.

2511 Mechanical grinding/polishing

Mechanical grinding/polishing is the traditional method to prepare cross-sections. The
sample is molded in Struers EpoFix and cured at room temperature for 8-9 hours. The
molded sample is grinded using SiC paper. One of the challenges of mechanical
polishing is that the sample is damaged by mechanical force. In order to avoid this
mechanical effect, the sample is hold carefully and grinded slightly during polishing
process. Three grinding steps are used using different SiC paper with different
roughness. Finally, sample is polished using diamond powder (33 pm and @1 pm).
Figure 2.11 shows the typical cross-section micrograph of a Cu-Sn bonded sample,
which is prepared by mechanical polishing. The final Cu/CuszSn/Cu bond-line is clearly
observed. However, the contaminants from mechanical grinding/polishing process can
fill the voids and holes. Therefore, as shown in Figure 2.11, for typical mechanical

grinded/polished samples, the voids could not be observed.

Figure 2.11: Cross-section of a Cu-Sn bonded sample prepared by mechanical polishing. Three different
layers: Cu, Cu;Sn and Cu are clearly observed. Sample is bonded by Sensonor As.
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2512 lonmilling

In addition to mechanical polishing method, Hitatdm miller IM4000 was used for
preparing cross-section. A visible picture of tlguipment is shown in Figure 2.12.
There are two different ion milling modes: flat lmi§ and cross-section milling. The
Argon ion gun is used to remove material. On thecispen stage, we can adjust the
eccentricity distant (distant from the center & #ample to the center of the ion beam)
and angle of the sample. On the control panel, aveset up and adjust Ar gas flow,

milling time, accelerated voltage, discharged \ggtand milling mode.

Milling observation Milling observation window
window contamination protection plate lever
Specimen chamber { /
lon gun i |

\

/ Operation panel

O\ "
, CJJ | E':- | \"
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Figure 2. 12: Hitachi lon miller 1M4000.

Flat ion milling

Flat milling is used to further polish the crossctemn of samples prepared by
mechanical grinding/polishing. An illustration d&tf milling mode is shown in Figure
2.13. During the milling process, the samples hoigates around the rotation center
with specimen iteration anglep (the angle of the movement from the center of
specimen) and specimen iteration sp@gthe number of movements per min). The ion
gun bombards the samples surface and removes teeiahan the surface. The milled
area is dependent on the ion beam irradiation gfgland the amount of eccentricity.

The milling rate is dependent on the accelerataitage (V) and gas flow (R).
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Figure 2.13: Schematic of flat mode milling configuration [130].

Flat milling mode F4 [130] (specimen iteration speed w = 15 reciprocations/min and
specimen angle ¢ =+ 60°) was selected. Two steps milling was used. The parameters of
each step are shown in Table 2.4. The first milling step, a small ion beam irradiation
angle (6=60°) and high-accelerated voltage (6 kV) were used in order to remove the
material and contaminants on the surface. The second milling step, a large ion beam
irradiation angle and lower accelerated voltage were used in order to polish and achieve
uniformity of the flat surface. The micrograph of a cross-section sample after flat
milling is shown in Figure 2.14. Different from typical mechanical grinded/polished

samples, the voids are clearly observed for the flat milled samples.

Table 2.4: Parameters of two steps flat milling for samples polishing.

Mode Voltage (7] Gasflow time
Step 1 F4 6 kv 60 0.09 cni/min 5 min
Step 2 F4 4 kv 80 0.09 cni/min 20 min
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Figure 2.14: Cross-section of Cu-Sn bonded sample prepared by mechanical polishing and further polished by
flat ion milling. Different material layers (Cu, Cu;Sn, CusSns) and the interface between these layers are
clearly observed. The voids in the bond interface are clearly observed after flat milling. The sample is bonded
by Sensonor As.

Cross section milling

The Cross-section milling mode is used to prepare cross-section samples directly from
diced sample. Illustration of cross-section milling mode configuration is shown on
Figure 2.15. The sample is mounted to the sample holder. A hard metal plate was used
as blocking plate. During the milling process, the holder rotates around the center with
swing speed w (the number of swings per minute) and swing anglet@. The ion gun

bombards the samples and removes the material layer by layer.

/
lon gun lon beam Blocking plate
s i

Specimen stub

Specimen

Figure 2.15: Schematic of cross-section milling mode configuration [130]

In this study, the cross-section milling mode C6 (swing speed w = 23 reciprocation/min

and swing angle ¢ = + 40°) was used. The milling parameters are shown in Table 2.5.
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Note that for as-deposited sample, a thin glass plate (200 pm) was attached on the metal
surface in order to protect the soft metal layers. The cross-section of a cross-section
milled sample is shown in Figure 2.16. Different material layers and layer interface are

clearly visible. The voids that introduce in the bond interface are also clearly observed.

Table 2.5: Parameters for cross-section milling of as-deposition sample and bonded sample

Mode Voltage Gasflow Time
As-deposited sample C6 6 kV 0.09%min 2h
Bonded sample C6 6 kv 0.09 ¥min 3h

Figure 2.16: Cross-section of a Cu-Sn bonded sample which is prepared by cross-section milling. Different
material layer (Au, Cu, Cu;Sn) and the interface between these layer are apparently visible. Voids are clearly
observed.

Compared to the mechanical grinding/polishing method, ion milling has several

advantages:

= The mechanical effect is eliminated
= Micrograph of the cross-section is clear, even voids and grain structure could be

observed

2.5.2 Bond strength testing

Bond strength is considered as an important property of the packaging. This property
gives general information about the mechanical integrity of the systems and the
potential weakness. Bond strength measurement is also performed for quality control
inspection of the industrial process [131, 132].In this study, shear testing was used for

bond strength testing.
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Shear testing is a common method to character&zbdhd strength of a bonded sample.
This is a fast, robust, simple and cost-effectast method. The important parameters of
shear testing are: test height (the height of lleaistool from substrate), test speed (the
speed of shear tool movement), sample alignmenttlandested temperature. In this

study, we used NordsonDage 4000Plus shear-testdrefghear test.
2521 Test vehiclesdesign for shear testing

The test vehicles design for shear test is showrigare 2.17. Chip size is 1.8 x 3.4
mn? and substrate size is 6 x 6 frkach substrate and die contains two bond pads
with pad size is 0.8 x 1.0 nfm

1.8 mm

-
B BN
Substrate -

1 mm

0.8 mm

3.4 mm
6 mm

Figure 2.17: Test vehicles design foe shear strength measurement at elevated temperature.

2.5.2.2 Shear testing configuration

The test configuration of the shear tester is shimwfigure 2.18. A customized-holder

is used to align the sample and prevent the rotatidhe sample during shear test. The
samples holder is attached to a hot plate. Thedeatyre of the hot plate is controlled

by a proportional-integral-derivative (PID) contenl A test height of 75 um and a shear
speed of 10 um/s were used. The shear strengtle diond is calculated by:

Eg2 7
5= q

WhereFsis the recorded shear force when the fracture saiA is bonded area.
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Shear direction

Sample holder

Hot plate: Temperature is controlled by PID controller

Holder

Figure 2.18: Illustration of shear test configuration. The bonded sample is attached and clamped to the hot
plate, using a customized sample holder. The holder will reduce any misalignment of the die and prevent the
rotation of the tested die during shear process. A PID controller controls the temperature of the hot plate. The
entire temperature range was calibrated to ensure that the actual measured temperature on hot plate matches
the indicated temperature on PID controller.

2.5.2.3 Temperature calibration

The calibration of the hot plate temperature was carried out in order to examine the PID
indicator temperature. Different temperatures from room temperature to 300 °C were set
up by PID. The actual hot plate temperature was measured by a thermometer. Figure
2.19 shows the measured temperature as a function of PID indicator temperature,
showing that the actual temperature is linear dependent on indicator temperature. There
is a slight difference between set up temperature and measured temperature. However,

in our case, the difference is at acceptable level.

350

300 y=0,9618x + 1,6938 o
250 =1 -
o

200 e
150 g
100 rd
50 rd
0

Measured temperature (0C)

0 50 100 150 200 250 300 350

PID indicator temperature (0C)

Figure 2. 19: The measured temperature as a function of PID indicator temperature.
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2.5.2.4 Calibration of shear testing

With this shear test equipment, we can shear the bonded samples at elevated
temperature. The temperature of the hot plate is controlled by a PID controller. One of
the concerns is the actual temperature of the device under the test (DUT). The shear tool
itself is not heated (only the stage is heated) and upon contacting the DUT, it will act as
a heat sink and reduce temperature on the DUT. Thus, we conducted the following
experiment where we positioned a thermocouple on a dummy Si chip during a shear test
procedure at 300 °C to measure any temperature drop. Note that, the measured

temperature is 290 °C, slightly lower than set up temperature.

300

[\
~
W

250

225

Measures temperature [0C]

200

250 275 300 325 350 375 400

Time [s]

Figure 2.20: Measured temperature on the top of a dummy die during shear testing at 300°C. The measured
temperature is 290 °C. When the shear tool touches the die, the temperature drops down because the tool is a
heat sink. When the fracture occurs; the temperature at the top die reduced to 250 °C. After the test is
complete, the temperature quickly increases to 290 °C.

Figure 2.20 shows the measured temperature on the top of Si die during a shear test
procedure. As evident, when the shear tool touches the die, and moves, the temperature
is reduced. Depending on the duration of contact, when a fracture occurs, the
temperature on the top die from this experiment can be estimated to drop about 50 °C.
Our bonded samples are symmetric; therefore we can estimate that the minimum
temperature on any Cu-Sn bond interface would be at least 275°C for a test temperature
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of 300°C. Further characterization of temperature at tbd Was not carried out, as we
view the results satisfactory to and the test segppatable since it will be identical for

all temperatures.

2.5.3 Fractography

Fractography is the investigation of the shearadtfire surfaces. This is an effective
method to determine the fracture mode of the shesample and the weakest material
or interface of the bonded sample. In this stughjcal microscope, interferometer,

SEM and EDS were used for fracture characterization

An example of a fractography analysis of an Autlieaged sample is shown in Figure
2.21. The optical microscopy picture and EDS amalgsown in Figure 2.21a indicates
that there are three different fracture surfacdse Teight profile in Figure 2.21b
indicates that these surfaces have different heagid each surface is planar. We can
extract the area fraction of these fracture sugégeusing bearing ratio analysis.

The filter bearing ratio analysis calculates tharlg ratiot,, the ratio of the bearing
area to the total surface area. The bearing atba @rea of the surface cut by a plane at
a particular height [133]. The bearing curve shgys relation with the profile level.
For this particular sample, the total bond pad ase66.5 %. The fraction of each

fracture surface area could be estimated by:

Br,
fr.=—— Eq2.8
Brtotal

WhereBr, is the bearing ratio of surfaceBr;,:q; IS total bearing ratio of the pad. For
this particular case, the area fraction of surfade and c are 18.8 %, 66.2 % and 15 %

respectively.
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a. Microscope picture and SEM b. Height profile
analysis
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C. Bearing ration analysis

Figure 2.21: Fractography of an Au-In sheared sample a. microscope picture and SEM analysis, b. height
profile and c. bearing ratio analysis

The bearing ratio only takes into account the measureable data. In the case the fracture
surface contains the regions that the height could not be measured by interferometer, the
bearing ratio must be calibrated. One example of this fracture surface is shown in Figure
2.22. The fracture surface contains four different fracture modes a, b, ¢ and d; where the
height of surface d could not be measured by interferometer. The area fraction of this
surface (d) over total area is 20 %. The calibrated bearing ratio (Br_calibrated) is

estimated by:
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Brcaiibratea = Br* (1 —0.2) Eq2.9

For this particular sample, the bearing ratio given by interferometry, calibrated bearing

ratio and area fraction of different fracture surfaces are shown on Table 2.6.

90 ©1 02 ©3 04 ©O5 06 OF 08 OF 10 11 1213

Figure 2.22: Fractography which contains four different fracture surfaces a, b, ¢, and d; where the height of
surface d could not be measured by interferometer.

Table 2.6: Calibrated bearing ratio and are fraction of different fracture surfaces shown in Figure 2.15.

Area a b c d total
Bearing ratio Br (%) 23.5 31.5 7.5 -- 62.5
Calibrated Br (%) 18,8 25,2 6 20 70
Fraction fr (%) 26.9 36 8.6 28.5

2.5.4 Bondingyield investigation

For SLID wafer-level bonding, due to the non-uniformity of the metal deposition
process, one may introduce several un-bonded areas on the wafers where the metal layer
thickness is thinner than in other areas of the wafer [89, 118]. Therefore, in addition to
shear test, bonding yield is one of the used methods in order to evaluate the
performance of wafer-level bonding. In this study, dicing yield (the percentage of dies
that remains after dicing) and sealing yield (the percentage of the dies that vacuum
remains inside the cavity after bonding) were used for evaluation of the performance of
the bonding. While the shear test gives information about the mechanical integrity of the
bonded samples, the bonding yield gives general information about the bond
performance on the whole bonded wafers. The dicing yield could be observed after

wafer dicing.
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In order to investigate the sealing yield, the membrane deflection method is used to
examine if the vacuum remains inside the cavity after bonding. The test structure for
sealing yield verification is shown in Figure 2.23a. The membrane is performed on cap
wafer using silicon etching. The thickness of membrane is 200 um. The dimension of

membrane is ~6 x 6 mm?>.

- — - : 200 pm

Cap wafer

6 mm

"

Sealing

MEMS device frame

fe—|
Substrate wafer Width of bond frame

a. Test vehicles design for hermetic test.
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c. Membrane deflection after bonding

Figure 2.23: Test structure design for hermetic verification by membrane deflection method and typical
membrane deflection profile of a sealed sample.

The wafers are bonded in a vacuum environment. If the wafer is hermetically sealed, the
vacuum remains inside the cavity when the bonded wafers are exposed to the
atmosphere. Due to the differential of external and internal pressures inside the cavity,
the membrane is deflected. For a square membrane, the differential pressure could be
estimated by [134]:

YW ywy E E  y’wy Eq2.10

Pyre= Ci,——0+C
aifrf 1 g2 Zat1—v 31-v2 g4
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Wherew,is the maximum deflection at the center of membrans half of membrane
length,cis residual stres<: is Young's modulusyis Poisson ratio of the membrane
material, y is membrane thicknesg; = 3.4057, C, = 1.84 and (3 = 4.129 are
coefficients, which are dependent on geometry. \Eitiall deflectiorw, and zero

residual stress, the differential pressure coulddtenated by
Paipr = 4129 ———— Fq2. 11

Typical membrane deflection of a hermetic sealiangtg is shown in Figure 2.23b. The

deflection of membrane was measured by interferemet

For our case, <100> silicon membraies130 GPA,y = 0.278,y = 200 pym,a = 3

mm. Therefore:

Pdiff (bar) =0.6 X w, (pm) Eq2. 12

For this particular sample, the maximum deflecbbmembrane is 1.4 pm, th&gi« =
0.84 bar and the pressure inside the cavity is Bak6In our case, the accuracy of the
pressure measurement could be limited for seveeslons: the membrane thickness is
uncertain and the residual stress is un-known. efbe, in order to determine the
accurate pressure for a hermeticity test, this ateth not good enough. However, the
measurement can determine if there is a differafiggressure inside the cavity and

outside the cavity, and initially evaluate if the & sealed or not.

41



LUU, Solid Liquid interdiffusion wafer-level bonding for MEMS packaging

42



3 Summary of articles

3.1 Articlel, Il

Avrticle I

Thi-Thuy Luu, Ani Duan, Kaiying Wang, Knut E. Aasmdiveit and Nils Hoivik,
“Optimization of Cu-Sh wafer-level bonding based wupon intermetallic
characterization”, 4" Electronic System-Integration Technology ConfeeefESTC
2012), September 17-20, 2012, Amsterdam, Netherland

Article |l: this article is extended from article 1

Thi-Thuy Luu, Ani Duan, Knut E. Aasmundtveit andisNHoivik, “Optimized Cu/Sn
wafer-level bonding using intermetallic phase cbmdzation”, Journal of Electronic
Materials 2013, Vol 42(12), 2013, pp. 3582-3592.

My contribution: literature review, design, expeent, characterization, estimation of

kinetics coefficients, numerical modeling, and nemipt preparation

For Cu-Sn SLID bonding, the formation of IMCs dgribonding process is one of the
critical issues to the bond performance. The s@faklsonding is only obtained if there
remains pure Sn at the melting point of Sp)(However, in a Cu-Sn bonding process,
the temperature is raised following a defined tenajpee profile. The IMCs are formed
during the ramping process, even below the ahd an amount of Sn would be
consumed into IMCs. The challenge is to predict ouch Sn remains at,Wwhich
does not only depend on the initial Sn thickness,the amount of Sn that has been

consumed to form IMCs. Therefore, there is a ndied simulation model for IMCs
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development during Cu-Sn bonding process, whichpeadict how much Sn, remains
at the melting point of Sn. The motivation of thisrk is to implement a numerical
simulation model for IMCs development during Cu-Bonding process. With this
simulation model, we can predict the critical pagtars of the bond temperature
profile: the Sn thickness that remains at the mglgoint of Sn, the time that all Sn are

consumed to form IMCs and the time that final C48&uCu bond-line is obtained.
Main results:

In order to simulate the IMCs thickness growth dgrCu-Sn SLID bonding process,
the formation of IMCs during Cu-Sn annealing preceas fully characterized. It is
well known that the two IMCs that form during Cu-&mnealing process are £&m and

CusSns. In this study, the initial characterization foesson growth kinetics model of
CusSn growth thickness and the amount of Sn thicktigssis consumed into IMCs.
The as-electroplated Cu-Sn samples were anneattitfeaent temperatures (15C to

300 °C) and annealing times (0 min to 320 min). The tiisecoefficients are then

extracted from the measured IMCs thicknesses daditinealed samples.

Based upon the estimated kinetics coefficientyjraarical simulation model for IMCs
thickness development during Cu-Sn bonding prooess implemented, using
MATLAB. With this simulation, the IMCs thickness (¢Sn and Cgbrs) and the
remaining Sn thickness on the surface are descabddnctions of initial Sn thickness
and bond temperature profile. The actual bondimpements were carried out in order
to evaluate the simulation model. According to cheracterization, the measured IMCs
thicknesses match the simulated thicknesses. Erifieg the accuracy of simulation

model, and the model could be used as a tool fargss design and optimization.

According to the simulation model, for an initiah $hickness of 1.5 um, successful
bonding could be obtained by using two steps teatper profile. In this two steps
temperature profile, the temperature is rampedotiact temperature (15C) where
the wafers are brought into contact and kept at°@o@r 5 min. The temperature is
then ramped to bond temperature 220To achieve final Cu/G8n/Cu bond interface,

the bonding time should be longer than 30 min.
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3.2 Articlelll

Thi-Thuy Luu, Ani Duan, Kaiying Wang, Knut E. Aasmdiveit and Nils Hoivik,
“Cu/Sh SLID wafer-level bonding optimization”, proceeding of Electronic Components
and Technology Conference (ECTC), 2015 @@ay 28-31 2013, pp. 1531-1537.

My contribution: mask design, fabrication, charagsdion and analysis of experiment

result.

The objectives of this study is to further inveate the effect of different bonding
parameters, include initial Sn thickness, bondquessand bond temperature profile to
Cu-Sn SLID bond performance. Bond performance weaduated by bonding yield

(dicing yield: the percentage of dies that remains after dicing; sealing yield: the

percentage of dies that vacuum remains inside lafteding).
Main results:

The experimental results confirm that: high bondjiedd is achieved if there is pure Sn
at the bond surface when the melting point of Sre@&hed. For our actual bonding, a
Sn thickness of 1.pm should be used in order to minimize the squeetefoSn, and

tolerate the non-uniformity during Cu/Sn platingpgess. A moderate bond pressure
will give high bond yield. With bond pressure ob MPa, bond temperature of 2700C
and initial Sn thickness of 14om - dicing yield of 100% and sealing yield of 80 %

waere obtained.

3.3 ArticlelV

Ani Duan, Thi Thuy Luu, Kaiying Wang, Knut E. Aasndiveit and Nils Hoivik,
“Wafer-level hermetical Cu-Sh micro-joints with high mechanical strength and low Sh

flow” , submitted to Journal of Micromechanics and Miagieeering.

My contribution: modelling of IMCs development dugibonding process, part of mask
design and characterization, process optimizataescription of modeling part in

manuscript.
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The objective of this work is to demonstrate CusriD wafer-level bonding for

MEMS hermetic encapsulation. For hermetic encafisalashrinkage of sealing frame
width is one of the important issues. With smallisg frame width, the size of the
final product could be reduced and the volume afdpction could be improved.
However, one of the concerns is how mwe can shrink the frame width; since with a

small frame width, the performance of the bondedpdas could be affected. In this
study, we investigated the effect of Cu-Sn sediiame with on bond performance. In
addition, the effect of the bond pressure and #raperature profile were further

investigated. The bond performance was evaluatdzbbyg yield and bond strength.
Main results:

We demonstrated Cu-Sn SLID wafer-level bonding Witih yield and less Sn squeeze-
out for MEMS encapsulation. The minimum frame wid#h could achieve is 80 um. To
obtain high bond performance, a bond pressure hitja@ 1.5 MPa should be used. A
two-steps temperature profile (described in chaRjecan reduces the squeeze-out of
Sn.

3.4 ArticleV

Thi Thuy Luu, Nils Hoivik, Kaiying Wang, Knut E. Aanundtveit and Astrid-Sofie
Vardoy, “Cu-Sh SLID wafer-level bonding for high temperature application”,

manuscript accepted to be published on Metallurgicd Materials Transactions A.

My contribution: literature review, mask designsermbly, characterization and test,

analysis, and manuscript preparation.

For the applications that require operating at Igghperature, long-term reliability will

be challenged due to the increase of thermal stmest®rial corrosion and other effects.
Therefore, it is important that the materials uge@ bond-line have a high melting
point as well as a high mechanical integrity athhtgmperatures. Furthermore, the
bond-line should have high thermal conductivityréaluce any thermal stress in the
bond stack, and be thermodynamically stable toaeduny corrosion from diffusion at
high temperature. Cu-Sn SLID wafer-level bondingaigpromising set of materials

suitable for these applications, as it enables dogt metallization, flux-free bonding,
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high mechanical strength and hermeticity. The dhje®f this study is to demonstrate
Cu-Sn SLID wafer-level bonding for high temperatagplications. The mechanical
integrity of Cu-Sn SLID bonded samples at elevatdperatures up to 30C was

investigated.
Main results:

Cu-Sn SLID wafer-level bonding results in a higklgibonding and high mechanical
integrity at high temperatures. The resulting batcength show relatively small
variation in strength as a function of temperatamresponding very well to the phase
diagram predicting the present phase 380 in the bond-line to be stable to
temperatures above 676. The average measures shear strength is 45 MParéom
temperature up to 30, exceeding the MIL-STD by far. The average slst@ngth
does not vary significantly across the differemfisas of the bonded wafers. However,
at the regions with initially thinner Sn there @&der scatter in the measured shear
strength. It is believed that small un-bonded negiwithin the test die where the Sn

layer was at its thinnest cause this variation.

Interferometry of the fractured surfaces show lerieind well-defined planar surfaces,
either between Ti/W adhesion layer to SiBetween Cu and @8n, or at the original
bonding interfaces. The two dominating fracture asodre in the adhesion layer and the
original bond interface. This verifies that the er&l systems have potential for giving

even higher bond strength than our measured skrengt

This work provides experimental evidence for trabsity of Cu-Sn SLID bonding at
high temperature, a stability that has long beedipted from the phase diagrams. This
strongly confirms the applicability of Cu-Sn SLIDording for high temperature
applications.

3.5 ArticleVI

Thi Thuy Luu, Nils Hoivik, Kaiying Wang, Knut E. Aaundtveit and Astrid-Sofie
Vardoy, “Characterization of wafer-level Au-In bonded samples at elevated
temperatures’ , Metallurgical and Materials Transactions AJun&30/olume 46, Issue
6, pp 2637-2645.
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My contribution: design, assembly, characterizatiomd test, part of shear test

experiment, analysis, modeling, and manuscriptgrejon.

The motivation of this study is to demonstrate Au$LID bonding for high
temperature applications. High temperature apjdicatare defined by the applications
that require operation at, or exposure to high snaipres above 12%. For these
applications, the main requirements to the bondiagerial are that the bond-line has a
high melting point and that the shear strength nesnlaigh at elevated temperatures. In
order to achieve high shear strength at elevatagdeatures, it is important to minimize
the thermally induced stresses in the bond sthikis typically done by reducing the
bonding temperature, having a low CTE mismatch eetwthe utilized materials, and
by having a good thermal conductivity. One of tHeamtages that make Au-In bonding
interested for high temperature applications iddlaetemperature process. The bonding
could be assembled at 180, which is lower than other SLID bonding. In tisisidy,
the mechanical integrity of Au-In SLID bonded saespht different temperatures was

investigated.
Main results:

Au-In SLID wafer-level bonding with a proper desighthe metal thicknesses for Au
and In results in a very high bonding yield andgh hlresulting shear strength: in the 30
MPa range. The shear strength is stable when thpet&ture is increased from room
temperature to 20fC, andincreases to ~40 MPa when the temperature is increased to
300 °C. This verifies experimentally that Au-In SLID kbng, performed at
temperatures right above the melting temperatute ¢t56°C) is indeed very suitable
for high-temperature applications. Phase diagradigtions call for stability to 45%C,

and we demonstrated high strength up to our highethg temperature of 36G.

The bond-line consists of the intermetallic phasels andy’, as found by cross-section
microscopy and EDS. Interferometry of the fracturglteared samples reveals that at
temperatures up to 20Q, the samples fracture at well-defined planaremes: either at
the adhesion layer to intermetallic interfacesabthe position of the original bond
interface. At 300°C, the nature of the fracture changes to a duittileture, explained

by a phase transition to the-phase and an annealing effect of the original bond
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interface. The higher overall bond strength at @D@esults from this improved strength

of the initial bond interface.

The shear strength of devices has been investigatigd a proper design of the metal
thicknesses for Au and In, a very high bondingd/iehs achieved. The final bond-line
has both Auln ang’ phases present as verified by cross section stopy and EDS
analysis. Furthermore, the die shear strength efbttnded samples was measured as
function of temperature, from RT to 380. The increasing trend of shear strength from
RT to 300C confirms that Au-In bonding is a promising teciug for high-temperature

applications.
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4 Voidscharacterization

4.1 Voidsformation

Voids formation during bonding process is one of the important issues of Cu-Sn SLID
bonding which can affect the bond performance. The voids formation during Cu-Sn
bonding process has been reported by many research and industry groups [36, 45, 76,
78, 89, 115, 117, 135-151] and can be classified in three voids scenarios as shown in
Figure 4.1: a) bond interface voids, which distribute at the original bond interface, b)
Cu/Cu3Sn voids, also call sporadic voids and distribute as a continuous layer at
Cu/CusSn interface and c¢) Kirkendall voids which distribute across the CuszSn layer. In

this section, different mechanisms of void formation will be presented and discussed.

Cu;Sn

A Se s ns 8.

Figure 4. 1: Three different types of voids that can form during Cu-Sn SLID bonding process a) bond interface
voids, b) Cu/Cu;Sn voids and c¢) Kirkendall voids.
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4.1.1 Bond interfacevoids
4.1.1.1 Bond interface voids formation mechanism
There are several mechanisms behind the formation of bond interface voids: lack of

wetting at the bond interface, growth of CusSns scallops, non-uniformity of

electroplating process and non-uniform initial Cu-Sn thickness [143, 152-155].

Figure 4. 2: Cross-section of Cu-Sn SLID bonded samples. Interface voids are formed due to a) lack of wetting
at original bond interface [152], b) non-uniformity of electroplating process [155] and c) the growth of CusSns
scallops during bond process [153].

Lack of wetting at the original bond interface

Lack of wetting at the bond interface is caused by contaminations, Sn and Cu oxidation
when Cu to Cu-Sn bonding is used [116, 152]. The oxidation issue can be solved by
using a Cu3Sn layer as protection layer to prevent Cu from oxidation or symmetric
Cu/Sn bonding [87, 156]. In this study, symmetric Cu-Sn bonding is used. Therefore,

lack of wetting at the original bond interface is not an issue for voiding.
Non-uniformity of electroplating process

For Cu-Sn SLID wafer-level bonding, the Cu-Sn layers are prepared by electroplating
process. According to our experience, there is always a degree of non-uniformity during
electroplating process. This causes a 2-10 % variation of Cu and Sn thickness. At the
regions of the wafers where Cu layer is thinnest, Sn may not contact together during

bonding process and cause un-bonded area [118, 155].
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Growth of CusSns scallops

During Cu-Sn SLID bonding process, the temperature is increased following a defined
temperature. During the ramping process, the CusSns scallops grow and Sn is converted
into solid IMCs. Defined T, is the melting point of Sn. Defined critical Sn thickness
(Veriticar) 18 the minimum thickness to ensure that there is pure Sn at the original bond
interface when T, reached. If the initial Sn thickness is thinner than y..ica, CueSns
scallops will reached the Sn surface before T, is reached, and acts as spacers and cause

interface voids. This is further described in article 1 and 2.
4.1.1.2 Prevent interface voids
Pretreatment of wafers prior bonding

As described, one of the reasons of interface voids is the growth of CusSns scallops
which occurs even at room temperature. In order to prevent interface voids, one of the

solutions is to prevent the growth of CusSns scallops.

‘ Not annealed ‘ Annealed |

Ul

D008 1B S)33M H] D008 1B SH33M Z |(sinoy ) |en

Figure 4. 3: IMC development during annealing process at 50 °C of as-plated Cu-Sn sample and shorted pre-
annealed Cu-Sn sample, showing that short annealing at 200 °C in 1 minute can flatten IMC layer [157].
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Annealing of electroplated Cu/Sn sample at tempegat125-20F°C can produces a
thin and uniform CgBry layer; this leads to subsequent growth of a planar IMCs instead

of scallops [148, 157]. Therefore, pre-annealilegteoplated Cu-Sn sample is one of
solutions to slow-down the formation of £ scallops, and prevents interface voids

formation.
Optimize initial Cu-Sn thickness and bonding process

Optimize bond temperature profile is one solutiomptevent interface voids formation.

There are two issues should be taken into account:

= A two-steps bonding profile should be used [158]. d two-steps bond
temperature profile, the wafers are brought intatact at a temperature of 150-
200°C and kept at this temperature for several min(tes temperature soak is
served as pre-treatment of the wafers and prelkerdgrowth of CgSn scallops.

= There must be pure Sn available at the surface wiemelting point of Sn is
reached, in order to perform a good wetting atinkexface and compensate the

non-uniformity of electroplated Cu thickness oves tvafer.

Bond temperature can be optimized by using the laiimn model described in this
thesis of IMCs development during the Cu-Sn bongiragess. More information about

this approach is presented in chapter 2 and aftjce

4.1.2 Cu/CuszSn voids

4,1.2.1 Cu/CusSn voids formation

Cu/CuSn voids are usually observed in Cu-Sn soldering) lsave been frequently
reported in earlier studies [78, 135, 136, 138Jfdbént mechanisms of these voids
formation correlates to impurities and stress-sthaive been proposed [136, 139, 146,
149, 150, 159]:

= Vacancy injection mechanism: during the Cu-Sn bhamair annealing process,
the reactive of Cu and Sn occurs at CyStuand Sn/CGybns interfaces and
leaves vacancies at these interfaces. Theoreticléy vacancies would be
injected by Cu and Sn diffused atomics. The immsgitan block the vacancies

injection process and voids later form [135, 13),1161].
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= Strain mechanism: Cu, Sn, CusSns and Cu3Sn have different elasticity and
crystalline structure. During Cu-Sn annealing process, the difference of elasticity
causes the strain at Cu/CusSn interface. The strain distributes at Cu grain

boundary and induces voids formation [149].

The effects of Cu grain structure, organic impurities and Cu oxidation on this type of
voids formation are experimentally confirmed [78, 135, 139, 146, 150, 159, 162, 163].
These studies demonstrated that: small Cu grain size, organic impurities and single
crystalline Cu texture can cause higher voids level at Cu/CuzSn interface. The possible

reasons arc:

= For small Cu grain size, more Cu diffuses into IMCs through grain boundary and
more vacancies are formed at Cu/Cu;Sn interface.

= In a polycrystalline texture, the Cu has random orientations; therefore Cu
diffuses into Sn trough many different orientations and reduces voids level.

= During the Cu-Sn bonding process, the reaction between Cu and Sn mostly
occurs at Cu/CuzSn and CuzSn/CugSns interface and results vacancies at these
interfaces. Impurities from electroplating process and cleaning chemical [161,
164] or Cu oxidation can block the vacancies injection at Cu/CusSn interface

and voids later form.

Sample A — as plated

CusSn

Cu
Sample A —anneal 48h Sample F —anneal 48h
at 150°C at 150°C

Figure 4. 4: Cu/Cu;Sn voids formation due to small Cu grain size. For sample A, the grain size is small, voids
form at Cu/Cu;Sn interface after annealing [162].
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Even Cu/Cu;Sn voids do not cause any degradation of the Cu-Sn solder joint reliability
[138, 165], these voids can reduce the contact area of solder joint and therefore increase
the resistant of solder interconnects. In addition, this type of voids also reduces
significantly the shear strength of solder ball [162]. Figure 4.4 shows two different as-
plated Cu samples with different grain sizes [162]. The shear test on these two samples
shows that: sample “A” has much lower shear strength compared to sample “F”; and the

fracture for sample “A” occurs at Cu/CuzSn voids interface.
4.1.2.2 Prevent Cu/CuzSn voids

To prevent the voids formation at Cu/CusSn interface, the most effective solution is to
control electroplating parameters, such as current density, additive and the bath ages
[139, 162]. By controlling these parameters, Cu grain size and texture and the impurities
level can be controlled [139, 162]. To achieve large Cu grain size and polycrystalline
texture, a current density above 10 mA/cm’ and combination of different additives
should be used [139]. To reduce the impurities level, the electroplating bath age must be

well controlled.

Figure 4. 5: Cross-section of two different bonded samples. A Cu electroplating current density of 10 mA/cm”
was used. For sample a) an old electroplating bath was used, Sn was not electroplated immediately after Cu.
For sample b) a new electroplating bath with fresh prepared electroplating solution was used, Sn was
electroplated immediately after Cu.

In our work, we used a current density of 10 mA/cm’® and commercial additive DMK -
Glanzzusatz Maron. In addition, Sn was electroplated immediately after Cu to avoid Cu
oxidation. For the bonded sample given in Figure 4.5a, an old electroplating bath was
used and Sn was not electroplated immediately after Cu. For the bonded sample given
in Figure 4.5b, new electroplating bath (fresh prepared electroplating solution bath) was
used and Sn was electroplated immediately after Cu. There are two possible reasons that
may cause voids at sample in Figure 4.5: old electroplating bath may produce more

impurities in Cu; and Cu surface is oxidized before Sn electroplating.
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Another option to reduce voids formation is to ain@u at high temperature before
electroplating of Sn. Annealing Cu at 860or 350C for 2h can increase Cu grain size
and gasify certain impurities inside Cu [139, 1889]. This produces high purity, large
Cu grain structure and subsequently reduces veidsl ICu/CySn interface. In our

case, we do not use this solution due to sevesabres:

= In our electroplating, we used a current densityn®@cnt and commercial Cu
electroplated additive. This can produce Cu withhtpurity large grain size.

= Annealing Cu before Sn electroplating introduces wrore fabrication step.

= For MEMS packaging and encapsulation, the devieesbe damaged due to

high temperature annealing.

4.1.3 Kirkendall voids

The Kirkendall voids are formed due to the diffeeibetween the intrinsic diffusivities
of Cu and Sn in G3$n, which is typical for any multiphase diffusioysems [166]. In

the Cu-Sn diffusion system, the diffusion rate ofiGto CySn is much faster than the
diffusion rate of Sn [167]. This imbalanced intéulion leaves atomic-level vacancies

at CySn side. Voiding is formed from the accumulatiorexéess vacancies.

Kirkendall voids

CU FlUX e

Sn

Sn flux

Figure 4. 6: An illustration of Kirkendall voids formation due to the difference between the intrinsic
diffusivities of Cu and Sn in Cu3Sn.

An illustration of Kirkendall voids formation meahiam is shown in Figure 4.6.
Similar to Cu/Cy¢Sn voids, the Kirkendall voids are correlated ® ithpurities level in
Cu and Cu grain size. Small Cu grain size and mgburities introduce much higher
voids level.
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4.2 Voidscharacterization

Figure 4.7 shows the cross sections of two different Cu-Sn bonded samples. With
samples shown in Figure 4.7 b, two types of voids are presented: Kirkendall voids and
interface voids. For these two actual samples, we clearly observe that voids area
increases with the increasing of Cu;Sn thickness. In this study, the correlation between
voids and CusSn thickness is investigated. To eliminate the effect of the length of
sample and Cu thickness, the void area was described as voids fraction (area per unit

length).

Figure 4. 7: Cross section of the bonded samples which is prepared by process A. The samples were
electroplated and bonded by Sensonor As. The thickness of Cu;Sn layer is not uniform.

To estimate void fraction and CuzSn thickness, image processing software “Imagel]”
was used for samples analysis. The analysis process is described in Figure 4.8. The
original cross-section of the bonded sample is shown in Figure 4.8a. The original image
was split into three different colors: red, green and blue. The blue one is used for voids
area estimation, the red one is used for IMCs thickness estimation. By adjusting color
threshold of the blue, voids are presented, as shown in Figure 4.8b. These voids are
considered as particles. The software can count the number of particles and measure the
area of each particle and total area. The voids fraction (voids area per unit length) is

estimated by:

) _ Avoia Eq4.1
void — L

Here, f,,0iq 1s voids area fraction per unit length, A,,;4 1s total voids area and L is the

length of sample.
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By adjusting color threshold of the red, the Cu layers and CusSn layer are presented as
shown in Figure 4.8c. The area of Cu;Sn layer can be measured by software. CuzSn

thickness is estimated by:

Apmc Eq4.2

Here y;pc is average CusSn thickness, Ay is CuzSn area and L is length.
B ——

(a) Original cross section

AR

(b) Voids analysis
v
(c) IMC and Cu area measurement

Figure 4. 8: Voids analysis using image processing software: a) original cross-section of the bonded samples,
the original picture was split into three different colors — green, blue and red; b) cross-section picture after
adjusting the color threshold of the blue, voids present as particles, software can count and measure the
volume of these particles; c) cross-section picture after adjusting the color threshold of the red; Cu;Sn layer
present as center dark layer, software can measure the area of this layer.
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4.3 Analysisof voidsformed in wafer-level bonded samples

4.3.1 Voidsanalysisresults

Figure 4.9 describes the voids area fraction of different Cu-Sn SLID wafer-level bonded
samples as function of Cu3Sn thickness. Two different wafer-level bonded samples were
prepared: A) samples prepared by industry partner Sensonor AS, B) samples prepared

by our work. Voids area fraction increases with the increasing of Cu3Sn thickness.
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Figure 4. 9: Voids area fraction of Cu-Sn SLID wafer-level bonded samples as functions of Cu;Sn thickness. A:
bonded samples prepared by industry partner Sensonor AS. B: bonded samples prepared by our work.

4.3.2 Voidsdevelopment during further annealing of bonded samples

To investigate the effect of voids to the bond performance, further annealing of bonded
samples were carried out. Figure 4.10 shows the cross-sections of as-bonded sample and
further annealed sample. For this sample, we obtain a low voids area fraction of 0.01.
The voids area does not change during the annealing process; but Cu grain size has

changed after annealing. This experimentally confirms that: there is not further diffusion
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of Cu into CusSn; final Cu/CuzSn/Cu bond-line has high temperature stability up to 370
°C and annealing Cu at 370 °C.

(a) As-bonded sample (a) Further annealed sample at 370°C, 30 min

Figure 4. 10: Further annealing of Cu-Sn bonded samples. Samples were prepared by process A. SEM cross-
section is taken by Sensonor As.

4.3.3 Discussion

In our bonding experiment, the electroplating process was controlled and we can
prevent the formation of sporadic voids at Cu/Cu3Sn layer. Only bond interface and
Kirkendall voids were observed. The area fractions of these types of voids as functions
of Cu3Sn thickness are shown in Figure 4.11. Bond interface voids area fraction seems
not to be depended on CusSn thickness and does not have significant change with
Cu;Sn thickness. The Kirkendall voids area fraction increases monotonically with
CusSn thickness.
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Figure 4. 11: Bond interface and Kirkendall voids area fractions as functions of Cu;Sn thickness, bonded
samples set A.

According to earlier work [78, 146, 168], with a constant annealing temperature, the
Kirkendall voids area fraction and CusSn thickness have parabolic correlation with
annealing time. Therefore, Kirkendall voids area fraction should have a linearly
correlation with Cu;Sn thickness. A linear fitting of voids area fraction and CuzSn
thickness correlation is shown in Figure 4.12. For samples set A and set C, the voids
area fractions and CusSn thickness have linear correlation. This linear trend is caused by
Kirkendall voids. For sample set B, the initial Sn thickness is thinner than set A and
cannot compensate the non-uniformity of electroplating process. This introduces voids
that come from un-bonded area and the voids area fraction does not have linear

correlation with CuzSn thickness.
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Figure 4. 12: Voids fraction as function of Cu;Sn thickness A. Bonded sample from industry partner (Sensonor
As). B. Bonded sample from our work. C. from literature (G. Lim [168]).

Another mechanism that could be driving factor of voids formation is the volume
change of metallization during bonding process. The reaction between Cu and Sn
induces a volumetric change due to the differences in mass densities of Cu, Sn and
IMCs. The volume change can cause a voids area fraction ~0.1%z¢,;3s, [umz/ pm]. During
the bonding process, the bond pressure is applied. This may reduce the effect of
volumetric change. Therefore, in our bonding, the voids area fraction/Cu3Sn thickness

ratio is ~0.05 (set A), much smaller than 0.1.

4.4 Conclusion

In this session, the voids formation during Cu-Sn SLID wafer-level bonding process
was presented. Even there are different voids scenarios: interface voids, Cu/CusSn voids

and Kirkendall voids, the voids level have strong correlation with Cu grain structure and
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impurities. By controlling Cu electroplating prosesve can eliminate Cu/@sn voids

and obtain Cu-Sn SLID wafer-level bonded sampléhb lwiv voids area fraction.

For this work, voids are formed due to Kirkenddfeet and the growth of GBrs
scallops. The linear correlation between Kirkendallds area fraction and g®n
thickness was experimentally verified. With a fi@i/CySn/Cu bond-line, the voids
area does not change during further annealing néiéd samples. This confirmed that

low voids area fraction does not cause degradafitime bond performance.
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5 Summary and outlook
5.1 Summary

This thesis presented solid liquid interdiffusi@L(D) wafer-level bonding for MEMS
packaging. Two techniques, Cu-Sn SLID bonding andrASLID bonding, have been

investigated.

5.1.1 IMCsdeveloment during Cu-Sn SLID bonding process

The formation of IMCs which takes place during @e-Sn SLID wafer-level bonding
process was successfully characterized. Thermatiggxmodels of the GBn thickness
and the amount of Sn that is converted into IMCsevestimated. We experimentally

verified that the growth of IMCs during Cu/Sn animen process follows Arrhenius

equationy? = koe;_gtzn. One of the major findings of our study is thag #mpirical
coefficientn depends on temperature. Above the melting poif@mh is equal to 1/2,
as expected from the analytical solution of théudibn equation, corresponding to a
diffusion-controlled process. For temperatures\wedloe melting point of Sn, a value of
n below 1/2 is obtained, indicating that slower clainreaction limits the IMC growth
rate. Based on this knowledge of IMC formation dgrithe annealing process, a
MATLAB model was created to simulate the IMCs depehent during the bonding
process. Using this simulation model, we can ptetie parameters that are important
for bonding temperature profile optimization: uroteal remaining Sn thickness on each
wafer at the contact temperature and bonding testyrey, and required bonding times
to achieve Cu/Gsn/CySn/CusSn/Cu and Cu/Gi$n/Cu final bond-lines. Experiments
show that the simulation model accurately predibes IMCs formation during the
bonding process. The experimental and simulaticgult show that an effective

solution to reduce the bonding time is to leave theal bond-line as

67



LUU, Solid Liquid interdiffusion wafer-level bonding for MEMS packaging

Cu/CuSn/CuSrns/CusSn/Cu, with further annealing performed outsideviiager bonder
to convert all the G4$ns into CwiSn.

5.1.2 Effect of bond pressure and temperature profile to Cu-Sn SLI1D
bond performance

We have demonstrated Cu-Sn SLID wafer-level bondiangfabricating micro-joints
with high mechanical strength. The effect of boedhperature profile, bond pressure
and Cu/Sn frame width to the bond performance wasstigated. The main findings of

this work are:

= To achieve high bond strength, a high bond pressioge 1.5 MPa should be
used. For this work, with bond pressure 1.5 MPagcareobtain a bond-strength
of 74 MPa, a dicing yield 100 % and a sealing ya180 %.

= Atwo-steps temperature profile can reduce effetti®n squeeze out.

= In this work, the minimum frame-width we can obt&B0 pum.

5.1.3 High-temperature mechanical integrity of Cu-Sn SL 1D bonds

Cu-Sn SLID wafer-level bonding results in a higimdiag yield and a high mechanical
integrity; also well above the melting point of Sn. The average measured shear strength

is 42 MPa, exceeding the MIL-STD by far. For shiests performed at temperatures
from room temperature up to 306G, no significant change in shear test is observed,

thus verifying the high-temperature stability poeeld for Cu—Sn SLID bonding.

These high shear-strengths are obtained althougie ttvas non-uniformity in the
electroplating process that resulted in largertsdag of the shear strength at several
regions of the bonded wafer pair. The non-unifoymaiso caused voids and un-bonded
areas at the original bond interfaces, and ledhi® being one of two dominating
fracture surfaces. The other dominating fracturéase was adhesive fracture at Ti-W
adhesion layer to SO The fracture at these interfaces provides eviglehat the
mechanical integrity of Cu—Sn SLID bonded sampestable up to 30T and stronger
than the adhesion layer. Further improvement obttred strength may be obtained by

improving the adhesion layers and the uniformityhef electroplated layer thicknesses.
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5.1.4 Void formation during Cu-Sn SL1D wafer-level bonding

In this session, the voids formation during Cu-SiDSwafer-level bonding process

was presented. Even there are different voids siosndond interface voids, Cu/Cu3Sn
voids and Kirkendall voids, the voids level hasosty correlation with Cu grain

structure and impurities. By controlling Cu elepleding process, we can prevent
Cu/Cu3Sn voids and obtain Cu-Sn SLID wafer-levetdeal samples with low voids

area fraction.

For this work, voids are formed due to Kirkenddfeet and the growth of GBns
scallops. The linear correlation between Kirkendallds area fraction and €3n
thickness was experimentally verified. With a fi@l/CySn/Cu bond-line, the voids
area does not change during further annealing nfléd samples. This confirmed that

low voids area fraction does not cause degradafitime bond performance.

5.1.5 Au-In SLID wafer-level bonding

Au-In SLID wafer-level bonding at 186C, with a proper design of the metal
thicknesses for Au and In, results in a very highding yield and a high resulting shear
strength: in the 30 MPa range. The shear strergjtbonstant when the shear test
temperature is increased from room temperaturé®®°@, andincreases to ~40 MPa
when the shear test temperature is increased t8C30his verifies experimentally that
Au-In SLID bonding performed at temperatures righove the melting temperature of
In 156 °C is indeed very suitable for high-temperature iappbns. Phase diagram
predictions call for stability to 45%C, and this work demonstrated high strength up to

our highest testing temperature of 3@0

The bond-line consists of the intermetallic pha&aim andy (Ausing) , as found by
cross-section microscopy and EDS. Interferometrythef fractured, sheared samples
reveals that at temperatures up to 200the samples fracture at well-defined planar
surfaces: either at the adhesion layer to interfieeiaterfaces, or at the position of the

original bond interface. At 308C, the nature of the fracture changes to a ductile
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fracture, explained by a phase transition toythghase (Aeins) and an annealing effect
as the IMC-to-IMC phase boundary sweeps acrossotiggnal bond interface. The
higher overall bond strength at 380 results from this improved strength of the initia

bond interface.

5.2 Outlook

In summary, this PhD work has demonstrated Cu-Sh Amin SLID wafer-level
bonding with high yield and performance. The researarried out in this PhD raise

several topics for future studies:

= Even we have developed the model for IMCs developnuriring Cu-Sn
bonding process and obtained high bond performaheee is still room for
improving the performance. Further improvementaiding process in term of
uniformity of electroplating process and adhesayef.

= The Cu-Sn and Au-In SLID wafer-level bonding hasved high-temperature
mechanical integrity. The next step is to carry thet reliability tests, such as
high-temperature aging and thermal cycling to frtkerity the mechanical
performance of the bonds at high-temperature.

= In this work, the Cu-Sn and Au-In SLID bonding werged to bond Si to Si
wafers. Using the techniques to bond other sulestraterials, such as glass,
SiC should be carried out. Bonding with differerditarials would open room
for more application.

= Initial work on Au-In SLID wafer-level bonding wakemonstrated in this work.
The bond design principles were described. Ondn@firiteresting topics is to
optimize bonding process. Different Au/In thickneaso could be used in order
to find out which will give optimal mechanical iigiety.

= A study of hermeticity should be carried out
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5.3 Contributions of PhD candidate

During the PhD work, the PhD candidate has beekingmwith two different bonding
techniques: Cu-Sn and Au-In SLID wafer-level bogdiior MEMS packaging and

encapsulation. The main contributions of this wane

= SLID bonding is well-known process, but a simulatimodel for the IMCs
development during bonding process is not availakiés work built up such a
model. This modelling provides a fully understaigdabout the development of
IMCs during the SLID bonding process and could seduas a tool for process
design and optimization.

= Mechanical integrity at temperature surpassingntiedting temperature of the
low-melting metal component of SLID bonding hasddmeen predicted, but
experimental verification is scarce. In this stutlg, mechanical integrity of Cu—
Sn and Au-In SLID bonding was experimentally cangd at high temperature.
This provides an evidence of these bonding teclesiguitable for packaging of
the devices that need to operate or expose tot@igperatures.

= Through this work, a new method of fracture chamazation was proposed. By
using interferometry, we can define accurately whee fracture occurs in the
bond interface. Compared to traditional fracturarahterization (using optical
microscopy, SEM and EDS), this method provide at fasd effective
characterization.

= An overview of voids formation during Cu-Sn SLID raing was presented.
Voids formation during Cu-Sn annealing process aotHering has been
investigated by previous work, but the mechaniswoads formation is not fully
understood. In this work provides an overview dfedént voids formation
mechanisms in a SLID bonding process. The work piseides the evidence

that micro voids may not affect the performance ratidbility of the bonding.

In addition of the contribution to the scientifitbe work has been done in this thesis
also facilitates further research activities in Blbonding at Buskerud and Vestfold
University College and also the cooperation witheotresearch partner, such as Herriot
Watt University, SINTEF ICT and Sensonor AS.
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