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Chapter 1

INTRODUCTION

1.1 Electronic Packaging Technology Development

For decades, powered by the strong market demantbbile, handheld, and household
electronics, integrated circuit (IC) and electrom@ackaging technologies have been
developing with enormous speed. The research sffaré mainly directed towards the
increased function density in a given device oteays Increased function density means that
more functions can be achieved in a given volumg][1

Fig. 1.1 Comparison of the first and one of thestecent IC chips: (left) the first IC
invented by Jack Kilby in 1958 containing only otransistor and several passive
components [1.2]; (right) the second generatiorelr@ore i7 processor, which was released
in 2010 and built using 32-nm process technologptains 4 execution cores and about 995
million transistors [1.5].

In the field of IC development, new technologies aimed at continuing to shrink the
critical dimension (CD). Fifty years ago, when fivet IC was invented, only one transistor
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and several other passive devices were successitdlgrated onto one germanium substrate
[1.2 - 1.4]. Since then, the 32-nm process nodeblkeasn commercialized and IC chips that
bear millions of transistors have become an impbrtamponent of our daily lives (see Fig.
1.1).

Second
revolution
B - From a packapge
g E surrounded by
E 2 leads to mounted
,E E First ball terminals | upGa
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= T0-3P (name of & typlcal transistor package)  2DIP (Dusl Indine Package] PTSO0P (Thin Small Outline Package)
THGF P (Quwad Flat Package) =VLES! (Very Large Scale Integration)  WSIP (System In Package)

Fig. 1.2: Development roadmap of electronic packaggiechnology [1.6].

In the field of electronic packaging, besides tierémental modifications in accordance
with the rapid IC development (e.g., higher 1/O sigy), new revolutionary packaging
solutions have also developed in order to increhsepackaging efficiency and to allow
integration of novel functionalities into the pagka A schematic overview of the packaging
development roadmap is given in Fig. 1.2.

The traditional electronic packaging developmerdi@sely related to the concept of the
packaging efficiency, which can be defined as:

A

p
AP

(1.1)

whereF, is the packaging efficiency. is the chip area, and, is the package area [1.7]. In
the early packaging forms, the IC chip itself reqgrted only a small fraction of the total
package; for instance, the packaging efficiencydoél-inline packages can be as low as
1to 3 % [1.7]. In the modern package types, ehjp-scale packages (CSPs), the packaging
efficiency has increased to more than 60-80 %. Thhe relative package size has
significantly been reduced. CSPs are defined akages that are less than 1.2 times the size
of the chip. More recently the acronym CSP has heeiefined as a chip size package
inferring a 1 : 1 relationship between the chip dnel package area. CSPs offer a smaller
footprint, lower interconnect parasitics (which afacreasingly important at high
frequencies), high-speed electrical access to mgmod RF components [1.7], and more
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inputs/outputs (I/Os) per unit area than any balll @rray (BGA) or thin small outline
package (TSOP) types [1.8].

Another important aspect during the course of edeit packaging development has
been the cost. Since the packaging cost can beghsas 80 % of the total packaged
component [1.9], packaging cost reduction has te@ontinuous topic in the packaging
field. In the modern packaging research, it hasnbesdely accepted that wafer-level
packaging (WLP) technology is a suitable methodettuce the packaging cost effectively.
WLP is a true CSP technology, since the resulteckpge is practically of the same size as a
die. Furthermore, WLP paves the way for true irdaégn of wafer fab processing,
packaging, testing, and burning-in, or in other dgorfor the ultimate streamlining of the
entire manufacturing process undergone by a sewmicztar device from a bare silicon wafer
to customer shipments. A conceptual schematic geoftew of WLP is given in Fig. 1.3.

—— e
P ST
— QL v
Y
-
@) (b) (©) (d)

Fig. 1.3 A conceptual process flow of a waferdepackage: (a) device substrate
fabrication; (b) a capping substrate bonded onte ttevice substrate; (c) electrical test at
wafer level; (d) device singulation.

In order to further reduce the package footprintievimtegrating more functions into the
final package, a number of IC dies are combinea isingle module using the emerging
System-in-Package (SiP) approach. In a SiP, andigdal and/or memory IC dies, as well
as passives can be combined together thus achieuiitgple functions in a single electronic
device. There are countless possibilities for thteridie interconnects in a SiP. The
individual dies can be internally connected by hogdthem to a common interconnect
substrate using wire bonding or flip-chip technadsg or they can be vertically stacked on
top of each other. Therefore a complete functiamét can be built in a single package. This
feature is particularly valuable in space-consgdienvironments such as mobile phones, as
it increases the packaging efficiency and decreasasplexity of the PCB and overall
design.

With the emergence of new technologies, applicatiand, more importantly, market
demands, the packaging technology is no longertdunto the traditional IC packaging.
Micro-electro-mechanical systems (MEMS), which aovietually all possible domains (e.g.,
electrical, optical, mechanical, chemical, biomadietc.), and their new applications bring
new challenges to the packaging researchers aridezmg.

1.2 3D MEMS Packaging

MEMS device packaging, compared to conventional d&ckaging, has its own
challenges. MEMS devices have movable and thusevalie parts. In the packaging
process, the MEMS device has to be, first and fostnprotected so that the movable parts
are not damaged by either the packaging proceslseopackaging materials. On the other
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hand, the fabrication of MEMS device may involvengomaterials and processes that are not
IC-compatible. The integration of MEMS devices atandard IC dies (such as the MEMS
control circuitry) is normally realized in two way®) the MEMS and IC chips are fabricated
separately on different substrates and in two iajlyi separated process lines; or (b) the IC
part is fabricated first, and subsequently, aft@ppr protection of the IC part, the MEMS
part is fabricated onto the same substrate usingCapost-processing module. Due to
potential contamination issues, the former metisatbrmally preferred.

The emerging 3D MEMS packaging technology is a psorg solution for MEMS
device packaging because it takes advantage ofrieafel packaging. In 3D MEMS
packaging the bulk silicon is used as part of thekpge for through-silicon interconnect.
There have been numerous 3D MEMS packaging sokiti@veloped by the researchers all
over the world. The 3D MEMS WLP developed by Sildicrosystems, Sweden, is shown in
Fig. 1.4 [1.10].

Fig. 1.4 Schematic cross section of a MEMS dewiater-level packaging solution based
on silicon through-wafer interconnects develope®sbgx Microsystems [1.10].

In the Silex 3D MEMS WLP solution, the MEMS devitefabricated at the top of a
silicon substrate. The control of the MEMS deviseré-routed to the silicon back side by
Silex through-silicon vias (electrically insulatkxniv-resistivity silicon, through-silicon vias).
The MEMS part is protected by a capping substrath vecess using wafer bonding in a
vacuum. By forming solder bumps or balls at theeotbnd of the through-silicon vias
(TSVs), the resulting package becomes a surfacaitable package with relatively high
packaging efficiency. If needed, a CMOS controldi€ can be flip-chip mounted inside this
package, thus resulting in a true SiP.

The TSVs themselves are fabricated by etching marrenclosed trenches (not
necessarily limited to a circular shape) into a-lesistivity silicon substrate, then filling in
the insulating dielectric material, and finally blgemical-mechanical polishing (CMP) both
silicon wafer sides to expose the through-siliawericonnect. The advantage of this solution,
compared to copper-filled TSVs, is that it does ingblve any contamination sources, such
as copper; since the filling material in the TSVoidy silicon, the fabricated chip will not
suffer from any mechanical stress due to virtuallynot  existing
coefficient-of-thermal-expansion (CTE) mismatch vibetn the TSVs and the silicon
substrate. However, due to the relatively highecteical resistivity of the silicon compared
to electroplated Cu vias, this approach may hawetdd use in high frequency MEMS
applications.
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Another example of a wafer-level MEMS device padkggsolution (this one was
developed by Roozeboom, et. al., from NXP semicotais) is shown in Fig. 1.5. In this
solution, both sides of a passive silicon wafer @sed to accommodate additional devices
(IC or MEMS dies). On the front side of the siliceabstrate, the active die, such as the
control circuitry of the MEMS device, is flip-chimounted. The MEMS device is flip-chip
mounted onto the back side of the silicon substrBitese two chips are interconnected by
copper-filled TSVs. Solder balls are attached ® t&distribution contact pads at the back
side of the silicon substrate. The resulting paekadSMT compatible.

Active di
lu:u:ﬁ::ﬁlgtﬁtui

Passive
I"l"l"l'!'l'l!'l'l'l'!"l"!'lll!'l"l'I'T
W MEMS, etc. @ @
Fig. 1.5 Schematic view of the MEMS chip-scalekpging solution developed by
Roozeboom, et al. [1.11].

The highlight of this solution is that both surfacaf the silicon substrate are used for
mounting the MEMS and its controlling chip. The twbips are virtually on top of each
other, unlike in the previous solution where thatoalling chip had to be placed next to the
active MEMS region. Therefore, in the latter salatithe overall footprint of the packaged
system is reduced. The MEMS chip is protected byirtterconnecting silicon substrate after
the entire chip stack is bonded onto a PCB or amathbstrate. Unlike the previous solution,
in this case the MEMS device is not completely esetl in a fully protected space.
Consequently, the MEMS part is more vulnerable umidity, corrosion, etc. This does, of
course, depend on how the MEMS device is flip-chiunted onto the silicon substrate. It is
possible to realize a local hermetic seal by udimginstance, an enclosing solder frame.

1.3 Optoelectronic Packaging

In order to reduce the cost and size, or increbsefunctionality or reliability of an
optoelectronic system, packaging researchers yslok at increased integration to meet
these needs. This type of integration is usualhieas®d by combining devices in a common
assembly that can be tested and packaged as atoumitovide an enhanced level of
functionality. This approach results in an increbsse of multi-chip modules (MCMSs) in the
optoelectronic packaging. One advantage providesGis is a reduction in the number of
pin-lead-through elements in an electronic assembigce an MCM only needs a single
first-level package, all integrated circuits contd in that package do not have to
communicate with the other ICs in the package thihoseveral pins, as is normally required
for each electrical interconnection.

In a high-speed photo-receiver application, Akahetial. developed an MCM package
integrating a single-wave-guide photodiode (WGPDhd aa spot-size-converted
semiconductor optical amplifier (SOA) [1.12] (seig.R..6). In this MCM approach, the dies
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and the optical fiber are mounted on a commonasilicarrier (called a silicon optical

bench). The silicon carrier contains: a KOH-etchegroove to facilitate the alignment of a
single-mode fiber; a device-assembly region, wiee spot-size-converted SOA and the
WGPD are flip-chip bonded; and a wiring region whehe high-frequency signals are
transmitted into the WGPD. The assembly region istmf AuSn solder bumps and a
solder film. The depth of the V-groove and the heigf the solder film are designed to
match the height of the fiber core and the spa-simverted SOA after a mechanical
contact has been established between the SOA ansottler film. In order to achieve the
wide bandwidth receiver operation, the electroni@ficonnection between the WGPD and
the silicon substrate is provided by the AuSn soliemp. The solder bump is formed at the
end of the coplanar line that is formed on a Omd SiO, insulation layer. This structure

minimizes the parasitic capacitance at the wir¢henSi substrate. With this MCM approach,
using the WGPD and SOA that operated as an ogtieaimplifier, the photo-receiver shows
good receiver sensitivity of 20.3dBm at 10 Gbitising non-return-to-zero (NRZ)

coding [1.12].

@)

(b)
Fig. 1.6 An MCM optoelectronic package integratiag single-waveguide photodiode
(WGPD) and a spot-size-converted semiconductocaptimplifier: (a) the cross-sectional
schematic; and (b) a photograph [1.12].
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In this example, several challenges of optoeleatrbfCM packaging can be illustrated.
One of the main challenges is the alignment betwkeroptoelectronic chip and the optical
fiber. The optoelectronic chip, which is a spotes@nverted SOA in this case, has to be
precisely aligned to the optical fiber to providéfigient transmission efficiency. A popular
technique that achieves relatively good alignmesueacy involves the self-aligning solder
bump, which originates from the flip-chip technojodeveloped by IBM [1.13, 1.14]. This
technique involves fabricating a fusible bump oa & pad, placing the chip in an inverted
position (flipped) on matching the bonding padshef substrate, and finally reflowing the
solder. Already two decades ago, this technology ayplied to optoelectronic components
to achieve both electrical interconnection and agptialignment [1.15, 1.16]. The fine
alignment using solder bump is obtained duringsibieler reflow process, during which the
surface tension forces pull the chip into the respliequilibrium position (see Fig. 1.7).
Alignment on the order of 1m can be achieved by using solder bump reflow.

Fig. 1.7 Solder bump reflow process used for akdfament of a laser chip [1.17].

Another challenge in the optoelectronic packagsthermal management. Optical and
optoelectronic components generally require a §ipewiell-defined temperature range for
proper operation. Secondly, these devices arecfatied on InP or GaAs substrates and are, if
compared to silicon, much more sensitive to stiedseed degradation. As a result,
low-stress die attach techniques are essentiadtmelectronics [1.18]. Therefore, thorough
thermo-mechanical modeling of the optoelectronickpge assembly using one of the
commercially available computer-based simulatore¢g®@mmended [1.1].

Fig. 1.8 The thermal simulation results from therkv of Lorenzen, et. al., for the
optimization of the packaging design of high-podiede lasers [1.18].
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In the development of the high-power diode laser(bi@DLB), due to the sensitivity of
the device lifetime and dependency on the operatérgperature and mounting stress,
Lorenzen, et al., analyzed and optimized the pazla@asign with respect to thermal and
thermo-mechanical performances by means of fidgeient (FE) simulations. In their
application, a GaAs diode laser bar is mounted an®vD-diamond heat spreader which is
mounted onto a Cu heat sink. Using thermo-mechhicaulations, the optimum stress
level of the packaged system is achieved by numleviariation of the spreader thickness.
FEM calculations of the whole assembly procedu@nfmounting CVD-diamond spreader
onto the Cu heat sink to bonding the bar onto pheagler, were also performed to verify that
stress levels would not exceed critical values.oligh their thermal analysis, the impact of
the presence of the spreader layer on the themsatance was determined. The optimum
thermal resistance was finally achieved by parameiptimization of the heat spreader
dimensions. One of the simulation results is showrRigure 1.8 [1.18].

1.4 Scope of the Thesis

From the introduction above, it has become clear tie trend in the current electronic
packaging research is to integrate more functioms one package, reduce electrical path
parasitics, and increase the heat conduction irrotdl make the final packaged system
smaller, more reliable, more functional or more ptete, while keeping the packaging cost
low. In this trend, unconventional devices (suchvHEBMS and optoelectronic devices) and
various substrate materials (e.g., InP, GaAs, ee) integrated into a single package
together with conventional silicon-based ICs. Tésulting novel packages are produced by
both wafer-level batch processes as well as theynmaultichip 2D/3D serial assembly
processes, and can account for much of the firtlaxed performance of electronic systems.

The goal of this thesis is development of wafeelefabrication processes and
supplemental techniques for applications in hyhwafer-level packaging for MEMS and
optoelectronic devices. Hybrid wafer-level packagmakes it possible to integrate a variety
of dies (i.e., silicon IC, MEMS, optoelectronic)tanone final package, while potentially
economical wafer-level batch processing is beireglus

For the MEMS device packaging, as discussed abihe,concerns are mainly the
movable parts of the device, which can hardly bekaged using conventional packaging
methods. WLP is preferred for potentially reducthg packaging cost. There have been
many solutions proposed for the MEMS device wadeel packaging, such as the Silex and
NXP 3D MEMS WLP solutions discussed above. In thesis, a new MEMS WLP solution
is developed and characterized. In this solutioncagpping substrate with Cu-filled
through-silicon interconnect is bonded at the waéstel onto the MEMS substrate. The
capping substrate has two functions: (a) MEMS deymotection; and (b) through-silicon
interconnect redistribution where the electricahmections of the MEMS device are routed
to the surface of the capping substrate, thus gioyian easy electrical access to the MEMS
device after packaging. In the capping substrapgionally a through-silicon window is
formed to allow for hybrid integration of contraikeuitry ICs. In this work, all the required
processing techniques used to demonstrate the sgdpsolution are developed and
characterized. The final package is characteripetbims of bonding quality, DC and RF
performance.
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In the optoelectronic packaging application, a lylpackaging solution for integrating
an optical network unit (ONU) is studied. The ONahsists of three components, namely an
optical transceiver fabricated on InP, an amplifieceiver chip fabricated on SiGe, and a
transmitter burst-mode driver chip fabricated olican. The proposed hybrid packaging
solution is similar to Akahori’'s solution, whichnas to integrate all the three components on
a common silicon substrate, and results in a smédlEprint. The core of this work is the
thermal management of the hybrid package, sinceptieal transceiver is driven by a high
DC current and the generated heat flux affecting glain of the semiconductor optical
amplifier (SOA) has to be properly addressed. lis thork, the process variable related
thermal and thermo-mechanical behaviors of the gseg package are studied and the
results are used for optimization of the packagggte

1.5 Thesis Outline

This thesis is organized into two parts. Part lg@tkrs 2, 3 and 4) describes several key
techniques developed for the proposed hybrid WLPM@Eand optoelectronic packaging.
Part 1l (Chapters 5 and 6) presents the MEMS artdebgctronic packaging applications by
using the techniques discussed in Part I.

Chapter 2 introduces the fundamentals of deepiveaitin etching (DRIE). Compared
to conventional RIE processes, the unique featirBRIE is that DRIE is realized in a
sequential etch/passivation cycle manner. In thég,whigh aspect ratio features can be
fabricated by the DRIE process. Similar to RIE, BRIso exhibits non-uniform etch effects,
e.g., aspect ratio dependant etch (ARDE), etc. ilan focus of this chapter is on the
fabrication of TSVs with different aspect rationgiDRIE. In this chapter, the development
of two different techniques, namely the via-firatavia-last approach, is presented.

Chapter 3 describes electroplating process anapitéication to TSV filling and solder
bump forming. Electroplating is a metal additiveogess that takes place in an electrolyte
bath with an external power supply. In this chaptevelopment of electroplating processes
for two specific applications is discussed in detaiamely TSV filing to form
through-silicon interconnect by copper plating, ssader bump fabrication by gold/tin
plating.

Chapter 4 presents adhesive WLP. Adhesive wafedibhgnis a low-temperature,
low-cost wafer-bonding process. It is an attractigption for many wafer-bonding
applications as it is not sensitive to the surfesedition of the to-be-bonded wafers and it
does not involve high voltage, as in other bondingcesses. With metal fillers filled in the
adhesive, the adhesive can also be made elegtricalhductive. In this chapter, the
characterization, in terms of bond strength ancttetal conductivity, of isotropically
conductive adhesive (CE3103 WLV from Emerson & Qughiand nonconductive adhesive
(SU-8) is presented.

In Chapter 5, based on the wafer-level techniqussudsed in the previous chapters, a
WLP solution for RF-MEMS device packaging is demomted. In this solution, a
high-resistivity silicon capping substrate, whicbntains a copper-filled through-wafer
interconnect, is bonded onto the RF-MEMS devicesgabe using isotropically conductive
adhesive. The electrical properties of the TSVdha capping substrate are studied and
optimized using extensive finite-element simulasion
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Chapter 6 discusses the design of an MCM packagphgtion for an optical network
unit (ONU). This ONU consists of three chips, a loptical transceiver, a silicon driver,
and a SiGe receiver. In the proposed MCM packagiolgtion, all the three chips are
flip-chip mounted onto a common silicon carrierfiwheat sink mounted at the back of the
silicon carrier. The focus of this chapter is oe tthip bonding issues, thermo-mechanical
design optimization using FEM simulations, and the&rmanagement.
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PART I
FABRICATION TECHNIQUES
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Chapter 2

THROUGH-SILICON -VIA FABRICATION
USING DEEP REACTIVE |ON ETCHING

2.1 Introduction

Driven by the strong demand for modern mobile desi¢the main development trend of
the today’s electronics remains the realizatiorsrogller and more powerful systems. This
change has triggered the further miniaturizatiothef electronics system, i.e., integration of
more devices and more functions in a given voluiweo major approaches are involved in
the current research and development. Next to raitional approach based on device
scaling, the new packaging technologies, such asteByin-Package (SiP) and 3D
packaging, are becoming more and more importaatieving this goal.

Three-dimensional (3D) wafer/chip stacking with tieal interconnection using
through-silicon-via (TSV) technology is potentialhe most promising technique for
semiconductor system integration. In recent yelirs,technology has attracted the interest
of packaging engineers, IC circuit designers, afmli€ation equipment manufacturers [2.1].

The electrical interconnection from active silictmps to a device interposer or to other
silicon chips using the TSV can be considered Hiirvel generation chip bonding technology
when compared to conventional wire and flip-chimdhiag [2.2]. The vertical stacking of
wafers/chips enables high-density packaging anth-bBmped signal transmission between
chips [2.1]. TSV technology allows heterogeneousgration, i.e., different substrate types
(InP, GaAs and Si), or different fabrication teclugies (CMOS, bipolar or MEMS) to be
combined into one system. This approach allevi#ites development need for complex
monolithic processes because the same target duadity can be achieved by merging
pre-fabricated subsystems on the die or wafer level

One of the key technologies enabling 3D integrali®nirSV fabrication. There are
various techniques available nowadays for TSV aftion, e.g., wet chemical etching,
plasma etching, laser processes, etc. The seledioa particular technique depends
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primarily on the intended use and the substratecmadt Not only are the basic process
parameters such as via dimensions of importance,sbuare the sidewall geometry,
alignment accuracy, processing compatibility, amaghput. In his comprehensive work
[2.3], Polyakov compared several available techesgtinat can be used for TSV fabrication.
All the analyzed techniques are listed in Table 2-I

According to Table 2-I, the TSV fabrication techmég that have the potential for mass
production are wet chemical etching, powder blastiaser processing, and plasma etching.
These were, therefore, analyzed in more detaiurgi@.1 shows the cross-sectional photos
of 100 m diameter TSVs fabricated in a 256 thick silicon substrate by powder blasting,
laser cutting, laser ablation, and deep reactimestching (DRIE).

Table 2-1 Comparison of various techniques for T&fication [2.3].

TSV method Aspect Feature size* | Roughness Potential fqr mass
ratio production
Drilling >10 >300 m Average No
Electrlcalfdl_scharge 15 S50 m Average No
machining

Wet etching ~1 >150m Good Yes
Powder blasting 3-5 >50m Poor Yes
Laser processing >20 >10n Average Yes
Plasma etch >20 >5m Good Yes

* A substrate thickness of >100n is considered.

The powder blasting was accomplished with ~29 ppD4\particles jetted at an average
velocity of 90 m/s and with a photosensitive elasto used as a masking layer. It should be
mentioned that the aspect ratio of the vias faletdy the powder blasting technique was
constrained to ~3. This limits the minimum achideadimensions of the vias at a given
substrate thickness (see Fig. 2.1 (a)).

The laser cutting was done using a Nd:YAG lasereiiter YAG) with a wavelength of
1064 nm with a pulse duration of 0.2 ms and spre sf 30-100 pm. The high-pressure gas
flow removed the silicon melt downwards through thigd support containing holes at the
via positions. ‘Burr’ is therefore located at thettom-side of the wafer (see Fig. 2.1 (b)).

The ablation process relies on a frequency-triplddy AG laser (hereafter YAG) with a
wavelength of 355 nm and short focused pulses of li@h power density to completely
evaporate material with a negligible amount of mglte spot size was as small as 10-80
with a pulse duration of 30 ns to achieve the posensity of 108-1010 W/chmBoth laser
processes are maskless; a water-soluble polyvileghal (PVA) layer deposited on all
wafers prevents the wafer surface from being comation by the ejected material (see Fig.
2.1 (c)).

Finally, the DRIE was performed in an Alcatel IG#actor by using the DRIE process.
Etching was done with QFas the reactive gas, with,@dded as a sidewall-passivation
agent. For via-hole fabrication, 2000 W of powersubstrate temperature of 10 °C, and a
PECVD oxide masking layer were used (see Fig. @) (

From this study, it can be noticed that in termsvafer surface roughness, aspect ratio
selection range, process footprint on the wafed &mature size, DRIE formed TSVs
outperform the other approaches proposed.
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In this chapter, a DRIE process development and Te&Wication based on DRIE are
presented. In the discussion on DRIE, various fadttat may potentially influence the TSV
fabrication are considered. In the TSV fabricatmart, two novel methods are discussed,
namely via-first and via-last for simultaneous fabtion of TSVs with different aspect
ratios, including large cavities.

The DRIE part presented in this chapter includes alpart of the results of the author’s
M.Sc. graduate project work performed at Philipssé2ech (currently, NXP Research),
Eindhoven, the Netherlands (reprinted with perrisg[2.4].

(@) (b)

(©) (d)
Fig. 2.1 Cross-sectional SEM images showing 100ipndiameter through-silicon vias
fabricated by four different techniques in a 2%0 thick silicon substrate: (a) powder
blasting; (b) laser cutting; (c) laser ablation; X®RIE [2.3].
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2.2 Deep Reactive lon Etching

Development of DRIE technology has virtually chashgiee world of MEMS. The basic
technology, originally developed at Bosch [2.5,]2dercomes the design restrictions and
compatibility problems related to the previouslyinta used wet-etching technology. The
Bosch process exhibits a reasonable etch rateighdsélectivity to the commonly available
masking materials (photo resist and/or silicon exidThe etch rate is independent on the
silicon substrate crystallographic orientation dras nearly 90etch profile angle and a
relatively good sidewall surface quality.

New applications of DRIE technology, which inclugleariety of sensors and actuators,
are usually developed on separate chips for ragjdiying markets of, e.g., accelerometers
and gyroscopes [2.3], micro-mirror-based projectarkjet printers, etc. New markets are
emerging in wireless communication [2.4] and inltieeare [2.5]. What is characteristic for
these new products is the use of silicon DRIEjrat fo realize the high aspect ratio features
within the individual silicon chips and later toeate the through-silicon interconnects
needed to accomplish 3D die stacking in SystemaickBge (SiP) devices [2.7]. It is only in
the 2005 edition of the International TechnologyaBmap for Semiconductors [2.8] that this
heterogeneous integration was recognized as a &stgblished emerging technology in
advanced packaging technology.

2.2.1 DRIE process and equipment

DRIE (Bosch process) can be briefly described assisting of sequential etching and
passivation steps using the appropriate gas chsmiisteach step. The process is purely
fluorine based: as an etching gas, sulphur hexafledSF) readily delivers fluorine radicals
after the excitation of gas molecules by electroypdct from the plasma. The fluorine
radicals attack and etch silicon spontaneously owitha need for ion assistance, forming
volatile silicon fluorides such as SiFAs a passivating gas, fluorocarbons are excitetthé
plasma to build up teflon-like polymer films on thesated silicon wafer. A number of
fluorocarbons such as CHFCH,F,, CiFgs, CiFs, CiFg and GF,o were compared for their
passivating efficiency, toxicity and potential hedsg undesired particle formation in the
gas-phase, availability, and regulatory restrictiofs a result, under the operating conditions
typical for the Bosch process, octafluorocyclobeté@,Fs) was found to be the best choice
[2.6]. This process is briefly illustrated in F@2.

Due to the etch/passivation cycles of the DRIE pss¢ scallops are commonly observed
on the sidewall of the etched structure, especallys upper part. This is shown in Fig. 2.3.
Like any other plasma etching techniques, the Bgsatess also shows non-uniform
etching phenomena, e.g., aspect-ratio dependdnihgt(ARDE), RIE lag, etc. These will be
described in the following section.

Today, in the design of modern DRIE tools, an irithety coupled plasma (ICP) source
is quite commonly used. Intense plasma with ionceatrations of 18 to 10" cmi® is
generated by high-power RF coil antennas arounénaote ceramic enclosure and then
diffused into a larger chamber. The silicon sulistia located within this diffusion chamber
and usually clamped on a bipolar electrostatic khhat is cooled by backside helium flow
and/or liquid nitrogen cooling. The chuck can baskd by a low-power LF or RF source
such that ions from the plasma can be acceleratélietsubstrate with independent control.



Through-Silicon-Via Fabrication Using Deep Reaetion Etching 17

Gases enter at the top of the plasma chamber angduanped away by a high conductance
pump assembly at the bottom of the diffusion charfb®]. The schematic of the DRIE ICP
system made by Surface Technology Systems is shotig. 2.4.

Fig. 2.2 lllustration of the Bosch process seqeenc

Fig. 2.3 Scallops can be found at the upper pathe DRIE etched vias.
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Fig. 2.4 Schematic of the STS HRE DRIE chamber.

2.2.2 DRIE process development

In order to fulfill the different requirements ofifférent applications, process
optimization is quite often needed. In any plasmeh eprocess, there are three major
phenomena: physical bombardment, chemical etchimtychemical deposition. In general,
more physical bombardment generates a higher eitdh and lower selectivity; more
chemical etching causes more isotropic etch antiehigtch selectivity; more chemical
deposition leads to more passivation and thus afd@ich rate and a more positively tapered
etch profile. In DRIE process, the passivation stegs well as the passivation part in the
etching step, are dominated by chemical depos(tiaRg). Breaking through the passivation
layer is controlled by the physical bombardmenticivhmakes the etching continue and
affects the etch rate and selectivity to the maskatyer. The etching part of the recipe is
mainly chemical etch (SJ; which together with the passivation steps cdsttiee etch rate
and the lateral dimension of the etched structuaad, consequently the critical dimension
(CD) and the profile angle. Thus, in the DRIE pssethe recipe performance (etch rate,
profile angle, CD, etc.) is sensitive to many pssparameters, such as etching time, process
gas flows, chamber pressure, coil power, bias poster

A typical DRIE recipe for an STS system is shownTiable 2-ll. Since multiple
iterations are inevitable during the process deuelent, the analysis of the etch results
becomes essential. In this section, a processa@weint example is discussed briefly. Table
2-111 lists the process parameters used in recfgarization.
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In a vertical power MOSFET application, hexagorglands (trench etching) with
different sizes (from 1.5 to 8 um) are etched (Sige 2.5). An etching depth of ~36n and
a steep (or slightly positive) profile are requiried all the different structures. A 200 mm
(8 inch) silicon wafer is used as a starting sutistrA 1 m PECVD SiQ layer is deposited
and patterned on the wafers as a hard mask [2.4].

Table 2-1I A typical DRIE recipe used on an STéhet The highlighted part of the table
identifies the etching step, of which the paransetgere varied in the recipe optimization
(see Table 2-III).

Step 0 Step 1
Etch Pass Etch Pass
Time (s) 9 7 9 7
C.E Flow (sccm) 40 140 40 140
48 Ramping (sccm/min) 0 0 0 0
SF, Flow (sccm) 130 0 150 0
Ramping (sccm/min) 0 0 0 0
o Flow (sccm) 13 0 15 0
2 Ramping (sccm/min) 0 0 0 0
Cycles 5 140
Coil power (W) 900 800 900 800
RE Ramping (W/min) 0 0 0 0
Bias power (W) 27 27
Ramping (W/min) 0 0.3
Pressure APC _Setting (%) 86.5 86.5
Ramping (%/min) 0 -0.1
Temperature (°C) 10 10
Table 2-1lll Comparison of 4 recipes used in pregeptimization.
Variations in the “step 1” etching step
Recipe | Recipe Il Recipe Il Recipe IV
Time (s) 9.5 9.5 9 9
C.F Flow (sccm) 40 50 50 50
il Ramping (sccm/min) 0 0 0 0
SF, Flow (sccm) 130 150 150 130
Ramping (sccm/min) 0 0 0 0.4
o Flow (sccm) 15 15 15 13
2 Ramping (sccm/min) 0 0 0 0

Fig. 2.6 shows the result of etching recipe l.dh ®e observed that the B hexagonal
trenches are ruined and become ‘silicon grass’s Thidue to the negative etching profile
angle. It is obvious that the profile angle is morgical for structures with smaller lateral
dimensions. A negative profile angle may resultlia masking regions being completely
undercut and the underlying structures being uegtet! and exposed to the plasma.
Secondly, the ‘silicon grass’ may also be due swifficient Si/SiQ selectivity, which results
in an early etched-away masking layer for the sitallctures (the hard mask is also etched
to the sides during etching). Increasing th&€gGlow during the etch cycle is one of the first
options to improve the profile angle and Si/gg@lectivity.
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(@) (b)
Fig. 2.5 Examples of the structures (plain viewpe etched in the vertical power MOSFET
application: (@) 8 m; and (b) 1.5 m hexagonal islands.

Fig. 2.6 A SEM image showing the result of etchéwipe |. The 3 m hexagonal islands are
completely ruined resulting in ‘silicon grass’'.

As can be observed in Fig. 2.7, recipe Il with @aged ¢Fg flow yields significantly
improved etch results when the B features are considered. The thickness of thairéngy
silicon oxide is 0.45 m, which is sufficient for this process.

Fig. 2.7 also shows the negative etching profilglarfor both structures which may
result in non-conformal deposition in the subseqd@&rication steps. A possible reason for
this negative angle is that the etching in ther#dtdirection is stronger than the sidewall
protection provided by the passivation step. Thizrtsoming can be solved by reducing the
etch time of the etching step. In recipe lll, thehetime of the etching step is reduced. The
result is shown in Fig. 2.8.

After etching, the thickness of the remaining oXalger is about 0.45m. From Fig. 2.8
it can be observed that the B1 hexagonal islands show a straight profile, wiile 1.5 m
islands bow slightly. The bowing is most likely digethe electrical charges trapped in the
oxide mask during etching, which deviate the iginl path in the plasma. A lower process
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pressure helps in this case because it prolongsnden free path of the molecules in the
plasma, thus preventing fewer collisions from tgkplace. As a consequence, a straighter
profile angle is achieved.

(a) (b)
Fig. 2.7 SEM images showing the etching resultseofpe Il: (a) 3 m; and (b) 8 m
hexagonal islands.

@) (b)
Fig. 2.8 SEM images showing the etching resulteeoipe Ill: (a) 1.5 m (depth 46 m);
and (b) 8 m (depth 40.9m) hexagonal islands.

(a) (b)
Fig. 2.9 SEM images showing the etching resulteolpe 1V: (&) 1.5m (depth 39.5 m);
and (b) 8 m (depth 35.9m) hexagonal islands.
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In the next recipe, recipe 1V, the gas flow ofs&IRd Q is reduced while the 30, gas
flow ratio remains the same in order to maintaia ¢lverall etching performance. Since the
pressure in the process chamber is controlled éythtottle valve opening angle, with the
valve opening angle fixed, decreasing the gas fiteereases the pressure in the process
chamber as well. Secondly, thegSBmping is set at 0.4 sccm/min. These settingstaiai
the overall etch rate of the recipe. Lastly, theleynumbers in the recipe are decreased in
order to reduce the etching depth to meet the reougint of the application, which is around
36 m. The etching result of the recipe 1V is showirig. 2.9.

After etching, the thickness of the remaining oxidger is around 0.8m. A straight
profile is obtained for almost all the detectechisl sizes. The average etching depth is
37.7 m (averaged together with the structures with otlierensions). Thus, all the process
requirements are satisfied. For more details, 2e8.[

2.2.3 Nonuniform etching in the DRIE process

Two types of nonuniformity during etching can bestiiguished: macroscopic and
microscopic. Macroscopic nonuniformity refers tatetates that depend on the position of
the chip on the wafer or the position of the warfethe reactor. For example, the etch rate at
locations close to the pump port is different frahe remaining parts of the wafer.
Microscopic nonuniformity refers to etch rates tapend on the scale and geometry of the
microstructure. For example, etching is microscalbjc nonuniform if contact windows
small in diameter etch more slowly than contactdeins large in diameter [2.10]. In this
section, we will focus on the microscopic nonunificgtching in the DRIE process.

There are many terms used to describe the micrascmmuniformity in plasma etch,
such as RIE lag [2.11-14], microloading [2.12, 2,1&perture effect [2.16], aspect ratio
dependent etching (ARDE) [2.17], and pattern fact@.18]. In this section, in order to
maintain a consistent definition, we will be follmg the definition given by Gottscho in
[2.19]. According to Gottscho, the microscopic gjpart phenomenon within a single feature
is defined as RIE lag. RIE lag is just one man#gsh of ARDE which is synonymous with
aperture or proximity effect. Microloading refecsa local dependence of the etch rate on the
pattern density for identical features [2.19].

ARDE is a phenomenon in which the etch-rate depmceleon the aspect ratio is
exhibited. ARDE is often observed in DRIE as wallim many other plasma etch processes,
especially at high etch rates, where the etchisatdten limited by the transport of etching
species to the trench bottom and the transpofteoétch products out of the trenches. ARDE
refers to the phenomenon whereby the etch ratesoakt with the absolute feature sizes, but
with the aspect ratio. Increasing the aspect nagigally decreases the etch rate [2.19-2.22].
This phenomenon is illustrated in Fig. 2.10.

In Fig. 2.10, a series of trenches having widthginag from 2 to 50 m is etched using
the DRIE process. It can be easily observed thatrnches with a smaller width (higher
aspect ratio) are etched much more slowly tharottess with a greater width (lower aspect
ratio).

With the same trench width range and spacing, ékiseriment was performed for
different trench lengths (from 100 to 500€n). Similar results are observed. It is further
noticed that the ARDE is mainly determined by thiltiv of the trench instead of the
opening area (product of length and width) of tlem¢h. This may suggest that the narrowest
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part of the feature limits the aspect ratio in DRIE other words, in order to produce a
similar etching depth on all the features overahtire wafer, it is essential to keep the width

of the trenches the same regardless of their leAdgth experiment data are summarized in
Fig. 2.11 and Fig. 2.12.

Fig. 2.10 A SEM image to illustrate aspect ratiepdndent etching (ARDE). A series of
trenches with widths ranging from 2 to 5 is etched in silicon. The image shows that the
trenches with higher aspect ratios are etched nstoavly.

In Fig. 2.12, the averaged etch rate is normalitedthe surface etch rate. The
normalized etch rate shows linearity to the aspat, which explains why the phenomenon
is called aspect ratio dependent etching (ARDE)teNmat the etch rate is aspect ratio
dependent. As the etch continues, the aspect imtieases with time so the etch rate is
time-dependent as well. Therefore in Fig. 2.12y ¢tiné averaged etch rate is considered.

The etch rate of silicon during reactive ion etch{RIE) depends on the total exposed
area. This is called the loading effect. Howevecal variation in the pattern density will
similarly cause local variations in the etch rathis effect is caused by a local depletion of
reactive species and is called the microloadingaceff[2.23]. A microloading effect,
according to Gottscho [2.19], should only be usedefer to a local dependence of the etch
rate or pattern density on identical features. Raneple of a microloading effect is shown in
Fig. 2.13, where it can be noticed that due toltloal opening area variation, the outmost

trenches are etched deeper than the inner tren€heseffect can be observed in different
trench lengths and widths.

In DRIE etching, some other effects may also bendosuch as ion shadowing, neutral
shadowing, etc. [2.19]. DRIE equipment design amchieg recipe settings can also
contribute to the nonuniform etching, which normpalisplays different etch rates at
different locations on the process wafer.
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Fig. 2.13 A SEM image illustrating the microloaglieffect: When 10m wide trenches are
etched in silicon, the outmost trenches are etcttigtitly deeper than the inner ones.

2.3 Wafer Handling Reliability

Fabricating the TSV with DRIE is a time-consumirggess. It normally takes hours to
etch through the entire wafer thickness. In ordéntrease the throughput of the process and
facilitate the subsequent TSV metallization stéips, TSVs are normally fabricated in thin or
thinned silicon substrates. The wafer thicknessyewer, has a strong influence on the
mechanical reliability of the wafer, especiallytife wafer has to go through complicated
processes afterwards. For certain wafer sizesg ibex limit to the minimum wafer thickness
at which the silicon wafer is still mechanicallyfesavhen being handled or processed. The
mechanical handling reliability is an important uses when fabricating TSVs on
reduced-thickness silicon substrates.

Wafer handling during a semiconductor fabricatigrele is a routine process that is
fully automated in most cases. The process andemgsipment is normally designed to
handle planar full-thickness silicon wafers, whitevoiding any critical loads, thus
minimizing the risk of wafer mechanical failure.|Rble mechanical self-support is crucial
for high-volume IC fabrication [2.3]. The problenfier the reduced-thickness wafer are
mainly edge chipping and the wafer bowing undeows weight or under the internal stress
from the deposited layers. Polyakov studied thiiémfce of the wafer thickness on the wafer
mechanical reliability during processes (see Fity{42nd Fig. 2.15).
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Fig. 2.14 Simulated maximal displacement of aailiwafer under stress from a deposited
layer. Layer thickness is 2 um with a compressiress of 250 MPa [2.3].

Fig. 2.15 Simulated maximum deflection of a siliseafer under an external pressure of
100 Pa [2.3].
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The shadowed area in Fig. 2.15 represents the noaximisfit allowed in the carrier
cassettes, and shows that with a decrease in itlnélss, the bow increases significantly
under the internal stress or external forces. Trfugease is particularly important for larger
wafers, and therefore also represents a severtafian in the handling on a conventional
equipment. As a result, for 300 mm wafers, add#losupport may be required for if the
wafer thickness is <350 um, while 100 mm wafers meagain stable down to a thickness of
150 pum. Similar conclusions may be drawn concertirggdecrease in the safety factor for
larger wafers.

Based on Polyakov’s study, in the author’s reseasetfiers with a thickness from 260 to
300 m are normally used for TSV fabrication. In thigckmess range, the processing time in
DRIE and the following metalization (Cu platinggptare considerably shortened compared
to the standard wafer thickness. Furthermore, thfens after TSV formation do not suffer
from observable deformations due to external formed internal stresses in the deposited
films.

2.4 Through-Silicon-Via Processing Modules

In some applications, TSVs with various aspectosataire needed. In Fig. 2.16, the
capping silicon substrate with through-silicon mtennect protects the otherwise vulnerable
MEMS devices and at the same time provides a senfaaunt-technology (SMT) package
[2.24]. The large aspect ratio TSVs are designedhe through-silicon interconnect (using
Cu plating), which provides power and signal liries the packaged MEMS device. The
large cavity (which has a small aspect ratio) sdufer hybrid integration by accommodating
an additional IC die (e.g., control circuitry) tha flip-chip bonded onto the MEMS
substrate. Due to the previously discussed nonmmifetching effect in DRIE, simultaneous
fabrication of the high aspect ratio TSVs and thegé cavities within the same DRIE
fabrication step brings, because of their differaspect ratios, significant challenges to the
process design and the DRIE processing.

In modern etch chamber designs, in order to maintae desired wafer process
temperature, the wafer is cooled during the etching stream of He flowing along the back
side of the wafer. At the same time, the waferl@nped on a wafer stage by either an
electrostatic chuck (ESC) or a clamp ring. The s fjowing along the back side of the
wafer is isolated from the plasma at the front sii¢he wafer only by the wafer (see Fig.
2.4). The aforementioned nonuniform etching effedtsnot carefully handled in TSV
fabrication, might result in an early through-waédching at particular spots on the wafer
long before the targeted etching depth is achie8edh early holes through the wafer would
cause He gas leakage into the etch chamber, and, @msequence, affect the etching
chemistry. Therefore, special measures need takEntto maintain the performance of the
etch recipe during TSV fabrication, especiallygafures with different aspect ratios are to be
etched. In the author’s research, two diverse ambres of TSV fabrication were developed,
namely, the via-first and via-last approach.
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Fig. 2.16 An MEMS device packaging scheme thathieg a capping silicon substrate with
Cu-filled TSVs. The capping substrate provides Bttecal interconnect and physical
protection for the MEMS device, and yields an Siifygatible package.

2.4.1 Via-first approach

Process flow

From the discussion above regarding ARDE, it cdoddconcluded that the etching
depth depends mainly on the local feature size, @rench width) and not so much on the
total exposed etching area. This may suggesthiatépth of an etched via might be close to
the depth of a trench whose width is the same agithdiameter. Based on this conclusion,
the cavity can be formed by outlining the cavitiegh narrow trenches whose width is
similar to the diameter of the vias to be etchedying only a few narrow anchoring bridges
to maintain mechanical integrity of the wafer. lstway, both the trenches and the vias
would have similar aspect ratio, and similar etalbes in the DRIE process could be
expected.
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Fig. 2.17 A schematic process flow of the via-figproach for simultaneous TSV and cavity
fabrication: (a) blind vias and trenches that on#ithe cavity region are etched on the front
side of the wafer; (b) after etching, the vias darahches are revealed from the wafer back
side by wafer back grinding; (c) after ultrasonieatment, the anchoring bridges in the
cavity region are broken, and the cavities are fedm
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During DRIE in the via-first approach, as illustrdtin Fig. 2.17, the blind trenches and
vias are etched on the front side of the wafer dtomhe designated depth. Since the vias are
not etched completely through the silicon wafee, e flowing along the back side cannot
leak into the process chamber. Upon exposure ofvihe and trenches by wafer back
grinding, the trench outlined regions are removedieaking the narrow anchoring bridges
using ultrasonic treatment, after which the casitiee formed.

Fig. 2.18 demonstrates the simultaneous fabricatiorSVs (50 and 70m in diameter)
and large cavities (2 x 5 énusing the via-first approach. In this demonsirag550 m
thick, 100 mm diameter, silicon wafer is used as $karting material. At first, vias and
trenches are etched down to a depth of around B0By DRIE (see Fig. 2.18 (a) and 2.18
(b)). The etched wafer is then thinned down to ~280by wafer back grinding. This step
reveals the trenches and vias from wafer back SWih an ultrasonic treatment, the
trench-surrounded region breaks out at the narmeharing bridges. Thus the cavity is
finally formed (see Fig. 2.18 (c) and 2.18 (d)).

(@) (b)

(€) (d)
Fig. 2.18 SEM images showing a 2 x 5Tmawity fabricated simultaneously with 50 and
70 m in diameter TSVs: (a) the trench-outlined cawhd the vias after DRIE; (b) the
trench-outlined cavity is anchored to the substrjenarrow anchoring bridges; (c) the
cavity is formed after wafer back grinding and aftonic treatment; (d) a detail of the
broken anchoring bridge after ultrasonic treatment.

In Fig. 2.18d it can be noticed that after the ¢tenutlined regions have been broken
away by the ultrasonic treatment, some parts ofatiehoring bridges remain on the wafer.
This may introduce difficulties to the packagingeme shown in Fig. 2.16, because for the
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insertion of silicon dies into the cavities, thevitg should be clear of any protruding
structures.

Surface roughness

In the via-first approach, wafer back grinding ised for wafer thinning. A general
concern here is the wafer back side roughness gtfitealing. The back grinding process is a
common method in wafer thinning. While the backnding process provides a relatively
low cost-of-ownership, it yields a non-uniform g€ containing micro-cracks and crystal
dislocations within the silicon substrate. Thes@hhiresult in stress and weak adhesion
points for subsequent back side metallization.his work, a three-step grinding process
consisting of coarse grinding, fine grinding andigiong to minimize the wafer back side
roughness is used. In the coarse grinding stepy grinding powder (SiC) is used to achieve
a higher grinding rate. The coarse grinding proces®ves around 90 % of the ground layer
thickness. The coarse grinding process providemlaeh grinding rate, however, it yields
greater roughness. After coarse grinding, fineding that uses 3m grinding particles is
used to reduce the surface roughness. In the tigst golishing slurry is used to produce a
smooth and shiny wafer back side. This three-stepgalure was studied using atomic force
microscopy (AFM).Fig. 2.19shows the measured surface roughness after ebsbcient
grinding step.

@) (b)

(©) (d)

Fig. 2.19 Wafer back side roughness after eachding step was studied by AFM: (a)
the original wafer surface roughness (mean=2.89 daita= 0.27 nm); (b) wafer surface
after the coarse grinding step (mean=632 nm, delt3# nm); (c) wafer surface after the
fine grinding step (mean=121 nm, delta=35.5 nm); Wa@fer surface after the polishing step
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(mean=4.1 nm, delta=0.6 nm).

The measurement results indicate that the descghading/polishing procedure yields
a smooth wafer surface with roughness comparabthe@riginal wafer surface. The final
surface quality is mainly defined by the uniformitithe coarse grinding step.

Sharp wafer edge

With the abovementioned approach, the wafer isnthdnfrom 550 m down to around
280 m, which, according to Fig. 2.14 and Fig. 2.19] #ils into the safe handling region.
There is, however, another issue that may poténtialeaten the mechanical integrity of the
thinned wafers, especially when these still haveutmlergo a complicated fabrication
sequence. It is namely the sharp wafer edge crémtéide wafer back grinding. The edge of
a commercial silicon wafer is normally rounded irder to avoid any potential stress
concentration at the sharp edge of the wafer. Hewesluring the wafer thinning, the
grinding causes the rounded wafer edge to becosf®i@p corner (see Fig. 2.20). Thinned
wafers with such a sharp edge can easily be mexdibndamaged (i.e., chipped, or cracked)
when external forces are applied during handlimgoider to remove this sharp edge, an
additional wafer edge rounding would be neededraftee wafer back grinding.
Unfortunately, as suitable equipment was not akbdlato the author, the wafer edge
rounding could not be performed in this research.

Fig. 2.20 A SEM image showing a cross section dfimned silicon wafer at the wafer
edge. The white arrows points to a mechanicallyjerdble sharp wafer edge resulting from
the wafer back side grinding.
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2.4.2 Via-last approach

Process flow

The via-last approach starts with commercially e thinned wafers (~250 to
300 m). With a proper etch-stop layer, the vias anditegsare directly etched from the
front side of the wafer to the etch-stop layer.eAftemoving the etch-stop layer, the TSVs
and the cavities are revealed. The schematic psdt®s is illustrated in Fig. 2.21.

Fig. 2.21 Schematic process flow used in the v@ad@proach for the simultaneous TSV and
cavity fabrication: (a) an etch-stop layer is dejped onto the wafer back side; (b) vias and
cavities are etched through the entire wafer thedsrdown to the etch-stop layer; (c) after
the etch-stop layer is removed the fabricated T@\scavities are exposed.

Etch rate and selectivity

In any plasma etching processing step, a high eth (required for high throughput)
together with a high selectivity to the mask arthedtop layer (required for process control)
are always desired. In general, the etch rate afettvity are recipe-dependent. Many
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parameters in the etch recipe may influence thé eate and selectivity, e.g., the gas
combination, etch/passivation ratio, wafer chuckerature setting, etc. Once the etch
recipe is optimized and fixed, the type of matesilected for the mask and etch-stop layer is
of considerable importance. It can be noticed figig. 2.21 that the key element of the
via-last TSV fabrication approach is the etch-dep@r. Many materials can be selected as
the etch-stop layer for TSVs fabrication. Theseamals, in general, exhibit the following
commonalities:

Significantly lower etch rate compared with thehetate of the bulk silicon (in
our research, PECVD Sj@nd Al were studied);

Moderate deposition temperature, which makes isiptesto fabricate TSVs on
a device wafer;

High thermal conductivity, when critical structudgnensions are involved.

In plasma etching, the temperature of the wafeinduprocessing is essential for the
etch rate, selectivity, and even the etch proBlecause of the reaction probability, the vapor
pressure of the etching byproducts and a re-deposiin the etched structures are both
temperature-dependent. The Bosch process condisteqaential etching and passivation
steps using appropriate gas chemistry in each (8Bpfor etching, GFg for passivation).
These two steps may both be influenced by the wafeface temperature. A higher
temperature could result in a higher etch ratee@afly at the sidewalls where chemical
etching dominates and the passivation rate is deerk The wafer surface temperature
depends primarily on the chuck temperature, the density, and the energy and the
exothermicity of the etching reaction. With the samiching recipe, different substrate
materials or different layer stacks may producéediit wafer surface temperatures. This is
primarily determined by the different thermal coativties of the materials. Table 2-IV
gives the thermal conductivities of the three majpatterials used in this experiment.

Table 2-1V: Thermal conductivity (W/mK) of selectedlterials [2.25].

Al Si SiO,

237 150 0.5-2

As the data in Table 2-1IV show, the thermal coniitgt of the SiG is significantly
lower than that of the Al and silicon. Using $i@s an etch-stop layer may result in a
temperature rise in the wafer and thus etch raae@d. It was expected that the influence on
the vertical etch rate when using PECVD gi&s the etch-stop layer would not be so
significant, since the ion-assisted reaction, whikes place at the trench bottom surface,
dominates in the RIE etching [2.26]. Table 2-Vdithhe etch rates obtained from the wafers
without an etch-stop layer but with an Al or Si€ch-stop layer.

Table 2-V: Influence of the back side etch-stopidayn the etch rate (n/min).

Si SiIG Al
No etch-stop layer 3.67 0.043 *
4 m PECVD SiQ as etch-stop layer 3.85 0.051 *
4 m Al as etch-stop layer 3.64 0.042 *

*Because of the extremely low etch rate and théasarroughness, the etch rate of the
Al layer could not be precisely measured.
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From the etch-rate data listed in Table 2-V thd eelectivity of silicon to Si@can be
derived, which is about 75 for the PECVD $i€ch-stop layer. It slightly increases to about
85 when either the Al etch-stop layer is used erdtching without any etch-stop layers is
performed. The etch selectivity of silicon to Silas two aspects. First of all, as an etch-stop
layer, it determines the maximum aspect ratio diffiee that can safely be achieved in one
etch step when performing the TSV process. Secoadla hard mask material, it determines
if the wafer will survive the TSV process withowtrdaging the wafer surface. Since the etch
rate on the Al layer could not be measured pregigkeé selectivity of Si to Al could not be
calculated. However, it was observed through expents that the etch rate on the Al with
the same etch recipe is extremely low. It can elysassumed that the selectivity of Si to Al
is much higher than that of Si to SiO

Etch profile

Fig. 2.22 shows the etch profile of the TSV usihg 6iQ etch-stop layer. It can be
noticed that notching takes place in the silicothatsilicon-to-Si@ interface. This result has
also been reported by other research groups [22B]. According to Rosen [2.28], the
notching is possibly caused either physically oernltally (due to the removal of the
sidewall passivation). The ions in the etching plasare deflected by either an electrical
charge in the Si©layer or by collision with the sidewall of the lbéd via.

Our experimental results further suggest that teetgcal charge trapped in the SiO
layer contributes more to the notching phenomeri@n tthe collisions. Plasma can be
loosely defined as an assembly of positively andatieely charged particles which is
electrically neutral on a macroscopic scale. Plagtthing techniques employ partially
ionized gases composed of ions, electrons andalsyiroduced by low pressure electrical
discharges [2.29]. SiOs a good dielectric (dielectric constant 3.9)dug® semiconductor
fabrication. The charges trapped in the Si@yer are accumulated throughout the entire
over-etch process. The charges in the incidentm@aare dramatically deviated by those
trapped charges, and therefore etching to thedfitlee vias occurs. This side etching forms
the notching. If the net charges can be removen fitte etch-stop layer, the local electrical
field would not be formed and the charges in thespla would maintain their original path
and produce a notching-free profile. As can be $eéfig. 2.23(a), notching is not observed
when an electrically conductive Al layer is used foe etch-stop purpose. It can also be
noticed that after DRIE, Al is sputtered onto thdewalls of the via and the cavity. If
desired, the sputtered Al can be removed togethtr the Al etch-stop layer (see Fig.
2.23(b)).

Minimum selectivity needed for the required aspectatio difference

The key to successful TSV etching in our experimésthe selectivity of the silicon to
the etch-stop layer, especially when a large agpdict difference is needed. With a properly
adjusted etch time, the etch-stop layer determihesminimum selectivity needed for the
desired aspect ratio difference.
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@) (b)
Fig. 2.22 SEM images of the TSVs fabricated ugshmy SiQ etch-stop layer show
significant notching at the silicon to Si@terface: (a) etch profile; (b) a detailed viewthe
notching.

(@) (b)
Fig. 2.23 SEM images of the TSVs fabricated usingAl etch-stop layer show a notch-free
profile: (a) before; and (b) after the Al removadg.

Fig. 2.24 Schematic cross-sectional profile of ¢hehed wafer used for the analysis of the
minimum selectivity needed for the required aspatad difference.
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If we have a via and a cavity to be etched simelbasly through the entire silicon
substrate, see Fig. 2.24. According to Fig. 2.1ting the DRIE process, these two features
are etched at a different etch rate resulting different etching depth. Cavity B is etched
deeper than Via A. The minimum requirement for acsssful TSV process is that the
etch-stop layer underneath Cavity B should not beefrated before Via A reaches the
etch-stop layer. By comparing the relevant etchimgs, we obtain:

TSi £ TSi +

ESi,A ESi,B EstopB

TSi ’ ESi,B T+ T

stop ’ ESi, B

ESi,A * E

stop

stop,B , (2_1)

whereTsg; is the thickness of the silicon substralig;, is the thickness of the etch-stop layer;
Esi, is the silicon etch rate in Via /&g g is the silicon etch rate in Cavity B; afgp gis
the etch-stop layer etch rate in Cavity B. Notibattin this equation and the following
discussion, only the average etch rate is congidere

From Eq. 2.1, we can derive:

ESi,B 3 TSi % ESi,B 1

EstogB Tstop ESi,A
- T, Eg
or Selectiviy o, 3 =S x 221 (2.2)
stop stop ESi,A

E.
In Eq. 2.2, —3B s the silicon etch rate ratio of the two featuféslso relates to the
Si,A

ratio of the aspect ratios. In the research comdbifar this work, a 5 x 5 mhtavity had to
be etched simultaneously with 5éh diameter TSV arrays. Based on our experimental
results, the silicon etch rate in the cavity is@t®5 m/min, while it is about 2.5m/min in
the vias. Then, according to Eq. 2.2, the minimeuired etch selectivity of silicon to the
etch-stop layer is about 112. This value exceeds dlectivity provided by the SjO
etch-stop layer (see the previous section); fos rarticular application, the Al etch-stop
layer is required. Fig. 2.25 shows the SEM picturfethe etch results.

In Fig. 2.25, it can be clearly seen that both ¢heity and the TSV arrays are nicely
formed. The etching profile and the Al etch-stoyelaare well maintained.
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(a) (b)
Fig. 225 A SEM image showing a cross-section@wviof a silicon wafer after
simultaneous etching of 5@n through-silicon-via arrays and a large 5 x 5 frravity using
4 um Al etch-stop layer: (a) overall view; (b) diétd view of one of the vias and the cavity
edge.

2.5 Conclusions

In this chapter, development and characterizatfoa silicon deep reactive ion etching
process was presented. The achieved results weneued to develop a TSV processing
module as one of the enabling technologies in 3&gging for die/wafer stacking.

The DRIE process exhibits non-uniform etching éffesuch as ARDE, which have to
be addressed, especially if through-wafer strustuvgch a large range of aspect ratios are
being fabricated. For simultaneous fabrication ofighkaspect-ratio vias and
small-aspect-ratio cavities, two techniques (itkg via-first and via-last approach) were
proposed and demonstrated.

The via-first approach allows fabrication of thrbwsjlicon features with considerable
aspect-ratio differences, such as TSVs and cayvliipgombining DRIE, wafer lapping, and
ultrasonic cleaning. The main advantage of thisr@ggh is that it relaxes the etch-rate
uniformity requirements for the DRIE process recipgking it a preferred solution for
forming through-silicon features with arbitrary aspratios. On the other hand, this method
has one obvious drawback as it involves mechameéér grinding/lapping. This may affect
the mechanical reliability of the wafer due to, .e.ghipping, and therefore proper
countermeasures have to be taken.

The via-last approach does not involve a mechamgjdalling step. Instead, it requires
an etch-stop layer at the back side of the wafeavtmd any He cooling gas leakage into the
processing chamber. Two materials, S&Dd Al, were tested as the etch-stop layer. While
the SiQ layer yields significant notching at the bottomtb& etched structures, using Al
prevents this problem and also provides a muchehigtch selectivity to silicon. Therefore,
the Al etch-stop layer compared to Si@llows for fabrication of through-silicon features
with much higher aspect ratio differences. Howeitsrrelatively small disadvantage is that
Al sputters from the bottom of the TSVs onto tha sidewalls. If Al structures such as
interconnect metallization are already presenhatfiont side of the wafer, removal of the
unwanted sputtered Al from the via sidewall togethéh the remaining Al etch-stop layer
might be complicated.



Through-Silicon-Via Fabrication Using Deep Reaetion Etching 39

2.6

[2.1]
[2.2]
[2.3]
[2.4]

[2.5]
[2.6]

[2.7]

[2.8]
[2.9]

[2.10]
[2.11]
[2.12]
[2.13]
[2.14]
[2.15]
[2.16]
[2.17]
[2.18]
[2.19]
[2.20]
[2.21]
[2.22]
[2.23]
[2.24]
[2.25]
[2.26]

[2.27]

References

K. Takahashi, M. Sekiguchi, Symposium on VLSI citsu2006, pp. 82-92.

S. Denda, IEEE Polytronic conference, 2007, pp-132.

A. Polyakov, PhD thesis, Delft University of Techogy, Chapter 5,
ISBN 9090211101, 2006.

J. Tian, A.L.A.M. Kemmeren, J.F. C. Verhoevdn, C. van den Heuvel, F.
Roozeboom, Philisp research technical note PR-TOBZID904.

F. Larmer, A. Schilp, US Patent 5501893, March1B96.

F. Laermer, A. Urban, Solid-State Sensors, Actgatand Microsystems, 2005,
Vol. 2, pp. 1118 — 1121.

J. Tian, J. lannacci, S. Sosin, R. Gaddi, M. Barioc. 8th Electronics Packaging
Technology Conference, 2006, Vol. 2, pp. 441-447.

ITRS Roadmap 2005 edition, http://www.itrs.net/Lsi&005ITRS/Home2005.htm.

F. Roozeboom, et al., ‘3D Interconnect and Packpgiechnology’, P.E. Garrou, P.
Ramm and C.A. Bower, editors, J. Wiley, New YorR0Z.

K. P. Giapis, G. R. Scheiler, R. A. Gottscho, WHabson, Y. H. Lee, Appl. Phys.
Lett. 57 (10), Sept. 1990, pp. 983-985.

D. J. Vitkavage, A. Kornblit, R. A. Nicholas, D. Pavreau, S. C. McNevin, 1991
Tegal plasma proceeding symposium, San Franci€8d, (lunpublished).

H. C. Jones, R. Bennett, J. Singh, Proc. 8th SRfgsma Proc. 90-2, 1990, p. 45.
H. Lee, Z. P. Zhou, Proc. 8th Symp. Plasma Pro&,94®90, p. 34.

Y. T. Lu, P. Ng, B. A. Banner, Proc. 8th Symp. RiasProc. 90-2, 1990, pp. 462.

N. Fujiwara, H. Sawai, M. Yoneda, K. Nishioka, Hbe&y Jpn. I. Appa. P-YS2. 9,
1990, pp. 2223.

M. K. Abachev, Y. P. Baryshev, V. F. Lukickcv, A.. Orlikovsky, K. A. Valiev,
Vacuum 42, 1991, pp. 129.

E. S. G. Shaqgfeh, C. W. Jurgensen, J. Appl. PI§;s1939, pp. 4664.

W. Pilz, B. Janes, K. Mrrller, J. Pelka, Proc. SBRED2, 1990, pp. 84.

R. A. Gottscho, C. W. Jurgensen, J. Vac. Sci. B)01992, pp. 2133-2174.

J. Yeom, Y. Wu, M. A. Shannon, Transducers '03, 1B international conference
on solid state sensors, actuator and MicrosystBoston, USA, June 8-12, 2003, pp.
1631-1634.

C. L. Chang, Y. F. Wang, et.al., J. Micromech. &tidroeng., Vol. 15, 2005, pp.
580-585.

A. A. Ayon, R. Braff, C. C. Lin, H. H. Sawin, M. /ASchmidt, J. Eletrochem. Soc.,
146 (1), 1999, pp. 339-349.

C. Hedlund, H.-O. Blom, S. Berg, J. Vac. Sci. TedhrA. 12 (4), 1994, pp.
1962-1965.

J. Tian, I. Jannacci, R. Gaddi, M. Bartek, Proadsansors 2006, pp. T2C-P7/1-4.
J. E. Sergent, A. Krum, “Thermal management hanklbfos electronic assemblies,”
Electronic packaging & interconnection series, iMapicGraw Hill 1998, pp.
3.8-3.16.

S. Tachi, K. Tsujimoto, S. Okudaira, Appl. Phys.ttLeVol. 52 (8), 1998, pp.
616-618.

N. Lietaer, P. Storas, L. Breivik, S. Moe, J. Migrech. Microeng, Vol. 16, 2006,
pp. S29-S34.



40 Hybrid Wafer-Level Packaging for RF-MEMS and @glectronic Applications

[2.28] D. Rosen, J. Olsson, C. Hedlund, J. Micromech. d&og, Vol. 11, 2001, pp.

344-347.
[2.29] J. L. Vossen, W. Kern, “Thin film processes,” Acatde Press, New York, 1978,

pp. 499-501.




41

Chapter 3

ELECTROPLATING IN PACKAGING
APPLICATIONS

3.1 Introduction

Electroplating was invented by Italian chemist LilBgugnatelli in 1805. Brugnatelli
used his colleague Alessandro Volta’'s inventiomfrfive years earlier, the voltaic pile, to
facilitate the first electrodeposition. Brugnatsllinventions were rejected by the French
Academy of Sciences and were not used for genedalstrial purposes for the next thirty
years [3.1]. In late 1990s, electroplating becamart pof modern semiconductor
manufacturing processing. In 1997, the famous daahascene process was developed by
IBM [3.2-3.4] as a means of forming copper IC iotamnects because of the lower electrical
resistivity of copper and the electromigration (Ed)vantages over traditional aluminum IC
interconnects. In the dual damascene processovigenches (two approaches are via-first
and trench-first) are etched in the inter-metaledigic (IMD) layer, and copper is then
electroplated onto the wafer after copper seedtesfing. Finally, the metal interconnect is
formed after the redundant copper is removed bheanical-mechanical polishing (CMP)
step.

Different from the traditional metallization proses (physical vapor deposition (PVD),
and metal evaporation), metallization using elgidting is an additive process. In a
standard additive process, a thin layer of metdled seed, is first coated onto the substrate
by means of PVD or evaporation. Photo resist is {ha&tterned onto the seed layer to form
the mold of the circuit pattern. Afterwards, thetatd@nterconnect is filled into the photo
resist mold to the desired thickness, usually mjalganic process, e.g., electroplating. After
stripping off the photo resist and the redundantaingeed layer, the metal interconnect is
formed. In subtractive processing, on the contrargpntinuous layer of metal is deposited
on the substrate. The interconnect circuit patiethen generated by etching away undesired
metal with a photo resist defined etch mask. In thaditional semiconductor IC
manufacturing process, interconnects at the dewnel are usually realized using
subtractive dry etching of blanket aluminum filmpmduce the desired circuit lines [3.5].
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The additive process is usually applied when thioktallization layers are required.
Thick metallization layers, in many cases, offeclear advantage over thin films, such as
mechanical characteristics (self-support abilitiffreess, and strength) or electrical features
(resistivity). Thick metal film deposition can aldme realized by subtractive processes.
Nevertheless, they are rather expensive, time eoimgu and economically ineffective
because of heavy material losses [3.6]. In thes@atgdins, electroplating offers more of an
advantage.

In general, electroplating uses electrical curtenteduce cations of a desired material
from a solution and to coat a conductive objechvétthin layer of the material, such as
metal. Electroplating is primarily used for depwgjta layer of material to obtain a desired
property (e.g., abrasion and wear resistance, siomo protection, lubricity, aesthetic
qualities, etc.) to a surface that otherwise latkat property. In other applications
electroplating is used to build up the thicknessuntiersized parts. In the electroplating
process, the anode and cathode in the electropglatii are both connected to an external
supply of direct current — a battery or, more commpa rectifier. The anode is connected to
the positive terminal of the supply, and the cathttie object to be plated) is connected to
the negative terminal. When the external power Bujgpswitched on, the metal (M) at the
anode is oxidized from the zero valence state tmfoations (M) with a positive charge
(n). These cations associate with the anions instetion. The cations are reduced at the
cathode to be deposited in the metallic, zero vaestate. The reaction at the cathode during
electroplating is shown in Eq 3.1.

M™+ne =M (3.1)

In addition to conductive materials, photoresish @so be electroplated, which is
usually refered to as electrodepositing. The redesttrodepositing (ED) process is based on
the electrodeposition of a negative organic aceytgpe photoresist onto a cathodic polarised
conductive substrate. The principles of the coafoigcess are described in detail by
Merricks [3.7]. In the cataphoretic resist emulsitime ionised polymer forms positively
charged micelles comprising of solvent, dye andig@ihdgiator molecules. If an electric field
is applied, micelles migrate by electrophoresisawmithe cathode. When the micelles reach
the cathode, their positive surface charges argaleed by hydroxide ions produced by the
electrolysis of water. The micelles then becomdatélized and coalesce on the surface of
the cathode to form a self-limiting, insulatingnfil[3.8]. In some situations, electroplated
photoresist achieves better process results tharcahnventional spin-on photoresist. For
instance, when patterning wafer with severe nongnity, e.g., a wafer with through-silicon
vias or cavities, the spin-on process can easgyltén a non-uniformity problem, such as
shadowing effect, while electroplated photoresistill able to a produce conformal coating.

There have been many applications that use th&edating technique developed after
endless efforts by researchers all over the wdrdthe application of through-silicon
interconnect, electroplated copper is usually adgdwice to fill up the through-silicon vias.
In modern flip-chip technology, the solder bumpsn calso be fabricated through
electroplating. In the following sections, the deyenent of processes for these two
applications is described in detail.
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3.2 Copper Electroplating in the Application of
Through-Silicon Interconnect

Driven by the market demand for smaller mobile desj a great deal of research and
development work focuses on integrating more chifis one package by using metal-filled
TSVs as interconnects [3.9, 3.10]. Typical appimes are MEMS devices, handheld
applications, high density memory packages forutallphones, PDA devices, and systems
in package (SiPs). The electrical connectivity keetw dies is achieved by metal plated vias
in the silicon die or by copper plugs. Sometimeppss vias may also serve only as
mechanical reinforcements for a chip assembly [3.The key steps in the copper via
fabrication are TSV formation and copper fillingarthe TSVs. The fabrication of TSVs is
described in Chapter 2. In this section, we disamsper filling into the TSVs with the
copper electroplating process.

3.2.1 Copper electroplating principle

Three basic types of processes based on the complesystem utilized are
commercially available. They are alkaline- (sevemabdifications of cyanide and
non-cyanide); acid- (sulfate and fluoborate); anddiyn alkaline- (pyro phosphate)
complexed baths. In the author’s research workathié solution was extensively practiced.
In this section, the copper electroplating procbased on the acid plating solution is
discussed.

In the case of electroplating of copper onto &ailiwafer, the wafer is typically coated
with a conductive copper seed layer prior to ptatinhe seed layer should have acceptable
adhesion to the barrier layer (which is Ti/TiN letstandard DIMES copper process flow),
provide adequate conductivity across the surfacthefwafer, and be continuous with full
coverage in high aspect ratio features to be fithewing the plating process. The seeded
wafer is immersed in the plating solution contagnaupric ions, sulfuric acid, chloride ions,
and proprietary additives. An external power sugplused when the electrodes are dipped
in the plating solution. The anode of the powerpys normally a piece of copper (copper
source), while the cathode is the conductive safestfwafer) to be plated. During the
electroplating process, copper is oxidized at theda to C&" by losing two electrons. The
CU** associates with the anion $Qin the solution to form copper sulfate. At theheate,
the Cd" is reduced to metallic copper by gaining two efeus. The result is the effective
transfer of copper from the anode source to théeptavering the cathode. The copper
electroplating process, together with the platirghbused in DIMES, is schematically
illustrated in Fig. 3.1.

In the absence of any secondary reaction, the mudaivered to a conductive surface
during the electroplating is directly proportionsd the quantity of metal deposited
(Faraday’s law of electrolysis):

_ItA,

nkF
where W is the weight of deposit in grams;is the time in seconds;is the current in
Amperes;F is the Faraday constant (96,500 C/eqjs the number of electrons transferred
per atom deposited; an8lw is the atomic weight. Using this relationship, tmass of

: (3.2)
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deposited Cu can be readily controlled by varyitagipg current and time [3.5].

Power supply

Fig. 3.1 Schematic view of a basic electroplatimgcess and the electroplating tool at
DIMES: 1. Anode (copper); 2. Cathode (wafer to Ietqa); 3. Plating bath (acid solution
with free copper ions); 4. Motorized stirrer; 5. Rp; and 6. Heater. Positively charged
copper ions are free in the solution, but are bemttracted by the negatively charged
cathode. As the ions reach the cathode, they rethaim lost electrons and become copper
metal and stick to the cathode. The motorizedestiand the pump are used to prevent local
cupric ion depletion in the plating bath during pfay. The heater is used to maintain an
appropriate process temperature for the bath.

With no potential applied and no imposed curremivfacross the interface between the
metal and a the solution, an equilibrium potengigists between the two. This potential is
often known as the rest potential. Once potengaal een shifted away from the equilibrium
potential by an external power source, a currefithe driven across the interface. Under
conditions typical of most plating processes, thisrent density (l) is approximated by an
exponential relationship known as the Tafel equmatio

ath/RT] (3.3)

I =i,[e
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whereiy is the exchange current densidyis the charge transfer coefficientjs the applied
potential (V);T is the absolute temperature; @ the gas constant.

Fig. 3.2 Atypical current-potential curve obseihia copper electroplating [3.5].

Fig. 3.2shows a typical current—potential curve in a copgeposition processis the
potential applied to the wafer is scanned from dheilibrium potential to more negative
values, the current increases exponentially (Tiigion) to where the overall deposition rate
is determined largely by the charge transfer octiea rate kinetics at the cathode. This
strong dependence of the current on the potendaljlts in the need for plating cell designs
which yield uniform potentials across the waferface [3.5].

As the potential continues to increase, mass tearlighitation on current gradually
becomes dominant and a limiting current plateane@shed. At the limiting current, species
reacting at the cathode (€lno longer reach the interface at a rate sufficiersustain the
rate of reaction possible at a high applied poatnfis a general rule, plating processes are
operated at currents no greater than 30-50 % {8.%je limiting current in order to avoid
undesirable deposit characteristics. In the ausherork on copper plating in TSVs, the
plating current density around 30 mA/chas been proven to be optimum.

Electroplating can be carried out using a const@antent, a constant voltage, or
waveforms involving variable current or voltage.itgga constant current, accurate control
of the mass of the deposited metal is most eabilgined based on Faraday’s law. Plating at
a constant voltage and using variable waveformsiiresf more complex equipment and
control, but can be useful in tailoring specifiecckness distributions and film properties. A
constant voltage also allows deposition at a unifeurrent density while the plated surface
area changes.
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3.2.2 Copper electroplating chemistry
In general, the following components can be found copper electroplating bath:

CU** from copper sulfate (CuSP Copper sulfate is added into the plating batthas
source of cupric ions, which maintains their coricaion in the range of 10—70 g/L.
According to [3.5], low concentrations of cuprim#are utilized to obtain optimum
thickness distribution control [3.12]. High cupi@an concentrations allow generally
higher plating currents (deposition rate) and tteus facilitate increased throughput.

Sulfuric acid (HSOy,). The sulfuric acid is added into the bath in ergeadjust the
bath conductivity. High acid concentrations areofthosen to provide high solution
conductivity and thus reduce electric field varidpiin the bath. A uniform electric
field is essential to obtain a uniform current dgnand deposition rate [3.13]. High
acid solutions are effective in rapidly dissolvingpper oxide present on the seed
layer prior to plating. Low acid concentrations foninly increase bath resistance
between the wafer and the anode and thus reduceethBve impact of seed
resistance on the current flow across the waferis Tleduces center-to-edge
deposition rate variability on thin seeds which Vdoatherwise tend to plate more
rapidly near the wafer edge where electrical cdntamade [3.14, 3.15].

Organic additives [3.16, 3.17]. Organic additives added to copper sulfate plating
solutions to influence deposit metallurgy and déptisckness distribution. The
standard DIMES copper plating bath uses both arleor that increases the
electrical current at a given voltage and a supmreshat reduces the electrical
current at a given voltage. Accelerators are coniynadded to the electrolyte as the
sodium or potassium salt of dimercaptopropane sidfacid (SPS) at concentrations
in the range of 2—-20 ppm. The structure of the lacator molecule results in unique
adsorption properties and interactions within thpric ion reduction process.

Suppressors are defined as species which adsoebdioe the current density at a
given applied voltage as they are added to a plaliath containing accelerator
additives. Suppressors are normally polyethylengedjl (PEG) or polypropylene
glycol (PPG) type polymers or co-polymers [3.5].

Molecular weights of suppressors generally rangenfabout 1000 up to 10,000
and solution concentrations generally range frof 11000 ppm, which is much
higher than typical accelerator concentrations. aBse of the relatively high
suppressor concentration in the solution, suppreadsorption rapidly results in a
monolayer-like film formation on the copper surfg8€l8-3.20]. Microbalance [3.21]
and current response studies suggest that film&tom is complete in about 0.2 s
under typical conditions. The film inhibits depdésit current at a given applied
potential.

In some commercial copper plating baths, a levislesed. Levelers are normally
known in plating applications as molecules whicbat to suppress the rapid plating
which may otherwise take place at corners, edgesther geometric irregularities on
a plated surface due to field and mass transfeceff[3.22-3.24]. A leveler is not
present in the DIMES copper plating solution.

Chloride ions (C) from HCI. The primary requirement for adding dfdie ions into
a solution is based on interactions with the orgadditives required to achieve a
desired metallurgy and fill performance. By itselfchloride ion adsorbs strongly on
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the plated Cu surface and provides a charge trasisée which is slightly catalytic or

depolarizing in sulfate electrolytes [3.25]. Withet organic polymer suppressor
additive present, however, interaction between atlsorbed chloride ion and the
suppressor results in formation of a well-adsorlpedymer film which blocks

interfacial charge transfer and is therefore highblarizing [3.26-3.29]. Current

suppression on the wafer field by this mechanisesi&ential to achieve a bottom-up
fill. In addition, more recent work [3.30] has shouhat the chloride ion interacts
with the accelerator additives in charge transdactions during cupric ion reduction.
Finally, a uniformly defect-free, smooth-plated fase and desired metallurgy are
achieved only using chloride ions along with orgaamditives.

Finally, the detailed components used in the stahddAMES copper electroplating
solution are summarized in Table 3- I.

Table 3-1 The copper plating bath used in DIMES.

CuSQ. 5H,0 H2S04 HCI Accelerator Suppresser DI Water
(9) (95.97 %, mL) | (30 %, mL) (mL) (mL) L)
150 380 0.35 10 14 2

3.2.3TSV filling by copper electroplating

It was mentioned earlier in this chapter that thexteoplating process was introduced
into the modern semiconductor industry by IBM & damascene process. Electroplating on
a physical vapor deposition (PVD) seed layer tanfa@ copper interconnect, however, was
not initially recognized as a preferred means oppers interconnect formation. Early
development of copper interconnect formation cotre¢éed on chemical vapor deposition
(CVD) [3.31, 3.32], electroless copper depositiBB88, 3.34], and PVD [3.35] methods. In
some cases, these methods were combined with ¢laehar with copper reflow processes
[3.36] as a means for deposition of seed layerbutk copper films. Nearly all studies
concluded that optimum adhesion of copper to bafitires was obtained using PVD copper
deposition, thus necessitating the use of PVD coppean initial seed layer. For bulk copper
deposition, the electroless and CVD processes ablailresulted in a conformal film of
copper both within features and on the wafer serfétt possibly led to a seam or void in
the center of copper lines if the plating surfaae he-entrant or near vertical topology. Such
seams present reliability concerns with a metalhsas copper, which can undergo
electromigration (EM). Very high pressure and terapge have been shown to reflow
copper into features, although this approach habeen put into practice [3.5].

The TSV filling process described in this sectieraidamascene-like process which is
basically composed of copper seed deposition with Rwo-step copper electroplating in
the TSVs, and redundant copper removal by grindiing. process is illustrated in Fig. 3.3.

This process starts with 4-inch (100 mm) silicorfexs. For some critical applications,
such as the RF-MEMS packaging application descrine@hapter 5, in which minimized
RF loss through the substrate is critical, highistasty silicon wafers have to be used.
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Fig. 3.3 Process flow of the TSV filling process dopper electroplating: (a) PECVD

silicon dioxide deposition (on both sides); (b) pepseed deposition onto the front side; (c)
patterning with ED photo resist (negative tone)) ¢dpper electroplating at the front side
until the TSVs are closed; (e) copper electroplatat the back until TSVs are completely
filled; (f) ED photo resist removal; (g) copper seeemoval; and (h) redundant copper

removal at the back.




Electroplating in Packaging Applications 49

At first, TSVs are fabricated with either the viest or via-last method described
previously in Chapter 2. In those cases siliconxid® is deposited onto both front and back
of the wafer, as well as in the TSVs with PECVD.isThilicon dioxide layer serves as a
dielectric layer in order to prevent the short gitor electrical performance on the wafer
from degrading. The thicknesses of the depositéebsi oxide is determined by thorough
system-level optimization for different applicatonin the author’s work, 2m silicon oxide
was used with the PECVD process temperature af@00

Afterwards, Ti/TiN and copper seed layers are digpdonto the front of the wafer by
PVD, either through sputtering or evaporation. T¥/Tunctions as an adhesion and diffusion
barrier layer. As an adhesion layer, Ti/TiN pronsotiee adhesion of copper to the surface of
the dielectric layer. As a diffusion barrier, itepents the copper from diffusing into silicon
oxide and silicon substrate due to the high difinsielocity of the copper in silicon crystal
and SiQ film, even in low-temperatures [3.37]. The seegkta(copper) should sufficiently
adhere to the barrier layer, provide adequate adivity across the surface of the wafer, and
be continuous with good coverage in the TSVs duttiregplating process.

Fig. 3.4 Cross section of the ED resist coatedsISV

Negative-tone photo resist is used to pattern tbet fside of the wafer. The patterned
photo resist is used as a plating mold in the failhg plating step. In the author’s work, ED
resist was used. The advantages of using negatneeHED resist are:

Coating on the wafers with TSVs using the tradaiospin-coating process results in
poor coating uniformity, while using the photo ststlectrodeposition technique a
conformal coating result can be achieved. Fig.shdws the cross-sectional picture
of the TSVs after ED resist coating.
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When using positive photo resist, the photo résiite TSVs has to be fully exposed
in order to facilitate the subsequent electroptafnocess. Considering the depth of
the TSVs, ~300m, this process would be time-consuming. While gisiegative
photo resist, only the resist on the wafer surfaceund 35 m thick, is exposed; the
photo resist in the TSVs is removed by the develope

In order to have a good ED resist coating resuaring prior to the photo
electrodeposition is necessary. This cleaning ateys to remove the copper oxide on the
surface of the copper seed layer. In DIMES, thidoise by a 30 s dipping in 10 %%$0,.

The next step is copper electroplating on the feidé of the wafer in the mold formed
by the ED photo resist. In this step, the extepwmler supply of the copper plating bath is
connected onto the seed layer (wafer front sidejh e wafer back side being properly
protected and the wafer front side being exposetiémplating bath, the electroplating only
goes on the wafer front side. This plating stepmforthe copper lines on the front of the
wafer to the designed thickness. Meanwhile, it ladially or fully closes up the top part of
the TSVs and makes it easier to fill the TSVs ia tiext step. Fig. 3.5 shows part of the
electroplated copper transmission lines on thetfsife of the wafer with partially blocked

N

TSVs

7\

Fig. 3.5 Copper electroplated onto the front sade¢he wafer with TSVs (photo resist and
copper seed have been removed).



Electroplating in Packaging Applications 51
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Fig. 3.6 Over-plating is needed to guarantee catgly filled TSVs: (a) top view SEM at
wafer backside; (b) cross-sectional view of a coiled TSV.
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Fig. 3.7 The over-plated copper at the wafer baie is removed by polishing: (a) a
general view of the wafer backside after coppeishaitg; (b) a magnified picture of one
copper- filled TSV after copper polishing.
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After the front copper plating, the wafer is fligp@ver in the plating bath, with the
wafer back side being exposed in the plating bathwafer front side being protected (the
power supply remains connected to the wafer frdmt)this case, the electroplating takes
place on the previously plated copper in the TSWarder to guarantee that all the TSVs are
completely filled, a little redundancy in the ptagior over-plating is needed. The plating is
finished until the copper can be seen from the wafaeck side in all the TSVs upon
inspection (see Fig. 3.6).

After stripping the photo resist and the copperddeger, the over-plated copper at the
wafer back side is removed. This is done by copmdishing. After this step, a flat wafer
backside is produced (see Fig. 3.7). The detailedgss flow with process conditions is
summarized in Appendix I.

It is worth mentioning here that for industrial dipation, a low temperature (<26Q)
annealing step is recommended after copper platingrder to achieve optimum copper
grain size (resistivity), removing residual strassl reducing eletromigration. Unfortunately,
due to equipment limitations, the author could petform this study.

3.2.4Process issues in copper electroplating

In this section, some commonly seen abnormalitieghé copper plating process are
discussed.

A: Organic contamination

From the previous discussion in this chapter, care realize that the organic materials
have a strong influence over the electroplatingcess. The influence can be positive if the
organic materials help to improve the plating dgwyalias is the case with the use of
accelerators, suppressors and levelers in comrh@tating baths. Sometimes, however, the
organic materials may have a negative impact onptatng quality. For example, some
organic materials may inhibit the plating processally. In this case, the organic materials
contaminate the plating bath. In general, the dogaantaminants occur after a prolonged
use of the plating bath, especially when the waternse plated are coated with photo resist
used as a mold. The activated plating-grade cafli@n in the bath circulation helps to
remove some of the organic contaminants. If thecentration of the organic contaminants
in the plating bath exceeds the capability of titterf the organic contaminants become a
hazard, and the plating quality decreases sigmifiza

In the previously described TSV copper filling pess, thick (~35m) ED photo resist
is used. After ED resist development, if the resshot baked properly, the solvent in the
resist becomes a contaminant in the plating bath. 38 shows the plating results from a
contaminated plating bath which is due to insudiiti ED resist baking after the resist
development. It can be noticed, from Fig. 3.8, ti&t plating process is inhibited at some
spots while the plating quality elsewhere is poor.

When the organic contamination happens, the gjatath should be changed. In order
to prevent contamination, a careful process deaighregular change of the plating bath are
needed.
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Fig. 3.8 Example of a plating result in a coppdaitmg bath with organic contaminants.

B: Air bubbles in the plating bath

In the process of copper electroplating, air bubldee easily generated. According to
Chang [3.38], the generating of air bubbles is fyaiine to the surface tension of the plating
bath. Chang concluded that the air bubbles are marke easily generated in a solution with
low surface tension. The model proposed by Chanthemole of solution surface tension in
the gap-filling capability is shown in Fig. 3.9.

Suppressors in the plating solution restrain tlaimpg current by forming an adsorbed
polymer-diffusion layer over an electrode surfadeanwhile, the suppressor also acts as a
surfactantThe inhibition and wetting abilities of the supmess relate to their molecular
weight (MW) and concentration. When the suppresaiitsa greater MW and concentration
are used, the larger current suppression and ter Isurface tension are controlled from the
plating solutionHowever, the large-MW suppressors easily cleave sntaller molecules in
acid solutions, especially in the presence of antgt field. In the meantime, the activity of
the suppressors decays due to the breakdown ofmpoty The by-products of the
suppressors not only generate impurities in theéingabath but also change the surface
tension of electrolytes to induce micro-bubblesmyithe copper electroplating [3.38]. If the
air bubbles adsorb on the plating surface, coppenat be deposited where the air bubbles
are and thus copper void defects form after elptdting. The SEM images of a copper void
generated because of air bubbles during TSV cdidfieg are shown in Fig. 3.10.
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Fig. 3.9 Influence of surface tension on the ghing capability and the formation of air
bubbles, proposed by Chang [3.38].

In the author’'s work, it was noticed that for a agivconcentration and type of
suppressor, lowering the electrical current densityghe TSV filling process may help to
reduce or avoid copper voids. A low plating-currdahsity may work in two ways. First, it
generates a weak electrical field which slows ddiwenbreakdown rate of the suppressor and
thus generates fewer bubbles. Meanwhile, the glatite is slowed down as well; this may
help to release those bubbles from the platingaserfy solution agitation. A successful
TSV plating example is given in Fig. 3.6.

C: Plated-copper grain size

It has been reported that the plated-copper giamiscreases with the applied current
density [3.40]. As illustrated in Fig. 3.11 (a)ghicurrent density plating yields the copper
grain size at the plated layer surface to be @&las 2-10 um. On the contrary, a low plating
current density provides a smooth surface (Figl ). The grain size directly influences
many important properties of the plated copper.(estress, ductility, hardness, and
resistivity). The copper grain size can be modiftegl a subsequent annealing, and as
reported in the literature [3.5, 3.41], fully anteghfilms become more ductile, softer, and
about 20 % more conductive.

Electrical resistivity measurements using a 4-pnaie¢hod could reliably be performed only
on the samples plated at a low current densitynf2@cn?’). The average measured value is
2.6 cm. The measurements performed on the samplesdpddta high current density
(120 mA/cn) did not yield consistent results, due to voidd areproducible data.
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Fig. 3.10 Air bubbles generated in the copperiptaprocess can yield voids in the copper
TSVs: (a) wafer cross section showing voids in T8ha (b) magnified view.
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Fig. 3.11 SEM images illustrating the influenceptafting current density on copper surface
roughness: (a) a high plating current density (128/cnf) yields a large copper grain size
and thus a rough copper surface; (b) a low platigrent density (30mA/cnprovides a

smooth copper surface.
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3.3 Fabrication of Solder Bumps Using Electroplating

In the 1960s, IBM developed a new method for irdarecting different semiconductor
devices with solder bumps, called C4 (controllelapse chip connection) and later called
flip-chip. Flip chip is a key technology for hybridtegration as it provides both the smallest
footprint area and also, due to the short interectian, the low electrical parasitics that are
required for high-frequency applications [3.42]. eThechniques used in the flip-chip
technology for chip-to-chip, chip-to-wafer and chépboard bonding are summarized in
Table 3-1l. Solder bumps are the most widely usedabse the technique is mature, they
yield the highest attainable current densities, ey possess the most extensive reliability
data of any flip-chip technology [3.43].

Table 3-Il Overview of interconnect techniquesduiseflip-chip technology [3.42].

Soldering Adhesive bonding Welding
ICA ACA NCA
Thermode | Reflow (Isotropic | (Anisotropic Thermo- Thermo-

soldering | soldering | Conductive | Conductive (N(Z]éﬁzgﬂ/ic)“ve compression sonic

Adhesive) Adhesive)

In this section, fabrication of AuSn and Au soldammps using electroplating is
discussed, and the measurements of electricativétsignd tensile strength of the fabricated
AuSn and Au bumps are presented.

3.3.1Solder selection

Solders for bonding applications in microelectrémptoelectronic packages are
classified as either a soft solder or hard soldgredding on the melting temperature [3.44].
Soft solders, such as Sn and In alloys, have loltimgegemperatures, but exhibit lower yield
strengths, which lead to lower creep resistancddeBocreep reduces the reliability of
optoelectronic packages because the alignmenteofdévices cannot be maintained over
time. On the other hand, hard solders, includingridhh Au/Sn, Au/Si, and Au/Ge alloys,
have higher melting temperatures and higher yigkhgths. The advantages of solders with
a higher melting temperature include superior tlarstability and long-term reliability
[3.45].

Among these hard solders, eutectic AuSn is theepred alloy because of its relatively
low melting point, low elastic modulus, high thetntmnductivity and high strength, as
compared to those of the other solders [3.46-3.78F eutectic AuSn system has two
eutectic points and four intermetallic phases. Thdectic alloy used for soldering
applications has a eutectic temperature of 278rfiCis composed of eighty weight percent
of gold and twenty weight percent of tin (gold ficfihis composition is hamed Au80Sn20.
If a eutectic Au80Sn20 melt freezes, a eutectictiea occurs with the formation of an
intermetallic AuSn phase (also called-phase) and-phase. At temperatures below 190 °C
a congruent reaction occurs and thphase is formed. This is a stable intermetalliageh
with the composition Au5Sn. If an Au80Sn20 solidoglis heated up to the eutectic
temperature, melting starts at each interface batvilee gold-rich and tin-rich phases [3.49].
The AuSn alloy phase diagram is given in Fig. 3.12.
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According to Fig. 3.12, Au80Sn20 eutectic soldes lzalower melting temperature
(278 °C) compared to other hard solders, such aSiAB363 °C) and Au-Ge (356 °C). In
addition, the high thermal conductivity of Au-Srv(8//m°C) makes it particularly useful for
bonding high-power devices that demand good hesstiption. Au-Sn solder also offers
many other advantages when making solder jointd) as the ability to solder without using
flux [3.45]. Flux, even after removal, would contaate optical and other surfaces and
would have a strong impact on the performance aliahility of the optoelectronic devices.

Fig. 3.12 Phase diagram of different AuSn allay<9].

Au-Sn solder is normally deposited by electroptatbu and Sn layers sequentially
from separate Au and Sn solutions. Recently, cotaplating of Au—Sn solder has also
been developed [3.48]. The alloy electroplating Aaf-Sn promises better composition
control, lower mechanical stress, and finer dimamai capability, along with lower
processing complexity, higher throughput, and aelogapital cost.

3.3.2Gold and tin electroplating principle

Gold and tin electroplating utilize an external gowsource to transport gold or tin
cations in the plating bath to the cathode, whieeecations are reduced to be deposited in the
metallic, zero valence state. This process is aiitéglar to what was discussed above in this
chapter on copper electroplating. However, it stolsé emphasized here that gold is a
precious metal. Unlike that in the copper or tiectioplating, seldom is the anode in the gold
plating made of a whole piece of gold. Quite oftea anode is made of platinum plated
titanium, similar to what the author used in DIMEShe gold cations are provided by the
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gold plating solution.

In gold electroplating, a larger number of platmaghs have been developed, but not all
of them are suitable for molding plating applicasp especially when the plating mold on
the wafer is formed by a photoresist. An essengiglirement is that the plating bath should
show good compatibility with the photoresist matkrotherwise the size and shape of the
plated structures will be compromised. The majooityositive resists are soluble in strong
alkaline solutions, therefore it is important tointain the plating solution at the pH below
9.5, and ideally a plating bath of a near-neutkaMplue should be used [3.51]. Basically, the
gold electroplating baths fall into the followingategories: cyanide bath, sulfite bath,
alkaline bath, thiosulfate bath, mixed sulfite-thitfate bath, and other baths. The basic
chemical reactions in different gold electroplatinaths are summarized in Table 3-IIl by
[3.51].

Table 3-1ll Chemical reactions in different golle@&roplating baths [3.51]
3AU(NH,); U 2Au+ Au(NH,)3" + 2NH,
3Au* U 2Au+ Au*
3AuCl, U 2Au+ AuCl; +2CI°
3AuBr;, U 2Au+ AuBr; +2Br’
AuOHU Au+ 0250, + 05H,
3Aul; U 2Au+ Aul; +2I°
3AU(SCN), U 2Au+ Au(SCN), +2SCN
Au(OH);, U Au+OH" + 0250, + 05H,0*
3AU(S,0,)7 U 2Au+ Au(S,0,)5 +2S,0,”
3Au(SQ)¥ U 2Au+ Au(SQ)S +2S0*
3AU(CN), U 2Au+ Au(CN); +2CN-

* The plating solution used in the author’s work.

In the author’s research, the gold electroplatinthbs Microfab® Au 660, which is a
mild alkaline non-cyanide gold electroplating sauatwith a nominal pH of 8.0. The gold
concentration in this bath is 16g/L. According I fprevious discussion, since this plating
bath is an alkaline bath, it may have photo resistpatibility issues. However, this problem
may not be very pronounced since its pH is not Wégh. This will be discussed below.

The tin electroplating setup is the same as thedl dsr copper electroplating, the only
difference being that the copper anode and copla¢ing solutions are instead replaced by
their Sn counterparts. In the tin electroplatinghbaluring the process, tin cations {Sor
Sy combine with the electrons at the cathode (widdve plated) after which they return
to the zero valence state and form tin deposittdhexcathode.
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3.3.3 AuSn solder bump fabrication

The process flow used for fabrication of Au80Sna@ier bumps is illustrated in Fig.
3.13. At first, the electroplating adhesion layad &seed layer are deposited onto the wafer
by evaporation. In the author’s work, the adhesayer used is 10 nm chrome, and the seed
layer is 100 nm gold. Then the plating mold is fedrby a patterned photo resist. In this
case, since no complicated topology is involvegboaitive photo resist (AZ4562) is used.
The photo resist thickness should be at least équbE designated bump height.

After the seed layer and plating mold are preparfedt the gold structures are
electroplated using the gold plating bath at a &Enmature of 66C and the current density of
120 mA/cni. These electroplating conditions result in a ggléting rate of around
1.5 m/min. Then, tin is plated on top of the plateddgasing the tin plating bath. This time,
the bath temperature is kept at 55 °C, and theentidensity at 120 mA/cmThe resulting
tin plating rate is around 1.2n/min.

After tin plating, the photoresist mold is removedicetone. Finally, wet etching is used
to remove the gold seed layer and chrome adheaigsr.I The chemical solution used for
gold etching is KI (115Q): ,I (659): water (100 mL). For the chrome etching,
HCI : water=3 : 1 solution is used. SEM picturestba plated Au80Sn20 bumps are shown
in Fig. 3.14.

It must be mentioned that in the Au80Sn20 bumpidakion process, the mass ratio of
gold and tin in the final bump has a strong inflceron the bump mechanical properties.
Thus, it is essential to have precise process @btdr achieve the required gold and tin
thicknesses. The gold/tin thickness ratio can beutated as follows:

m
r X1

m=r>AT A=

T m,, r
X = Au — Au ., Sn , (3'4)
TSn mSn rAu

with T being the film thicknessA is the bump arean is the mass; the density
( au=19.3 gerit, .= 7.3 gen?); andx the film thickness ratio. Based on Eq. 3.4, ineord
to achieve Au80Sn20, the gold/tin thickness ratie to be 1.5.

If the tin electroplating step is skipped, the sar@essing sequence can also be used to
fabricate pure gold bumps. Gold bumps can be usedklding, such as ultrasonic bonding
and thermal compression bonding.
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(a)
(d)

() (e)

() (f)

Fig. 3.13 A schematic process flow for fabricatiof Au80Sn20 solder bumps using
electroplating: (a) seed layer deposition by evatimn; (b) plating mold formation using
photo resist patterning; (c) Au electroplating irttte solder bump mold; (d) subsequent Sn
plating into the mold; (e) photo resist strippin@); seed layer removal by wet etching.
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(@)

(b)
Fig. 3.14 SEM images of Au80Sn20 solder bumpsdire; and (b) after the reflow.
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3.3.4Process issues in AuSn bump fabrication

As already mentioned in one of the previous sestiam alkaline gold plating solution
may have compatibility problems with positive photsists because most positive resists are
soluble in alkaline solutions [3.51]. This issueyntrectly influence the final bump height
and diameter. The gold plating solution used inahthor’'s work (Microfab Au660) has a
pH of 8, which is relatively safe for short platitigne. The experiments show that for
electroplating times shorter than 10 min, no netide defects related to the photo resist
dissolution are observed.

The gold plating, in general, provides gold stroesuwith internal mechanical stress. It
has been reported that this stress can reach thed@Be. With such large internal stress, the
photo resist mold can be easily cracked (see Fig)3The stress formation mechanism can
be summarized as follows: as the chromium atomms fitee underlying film diffuse into the
gold layer along grain boundaries by heating, tloéd ggrains grow thus changing the
structure of the layer and its electrical and meata properties. Moreover, the underlying
chromium film is exposed to the oxygen generatedhi plating process (refer to Table
3-Ill), and the chromium oxidizes into £). In spite of the small overall thickness of the
chromium layer, this physical and chemical changéhe chromium layer may contribute
noticeably to the total stress change of the nayt, which is due to the high internal stress
of the chromium layer [3.52].

3.3.5Electrical resistivity

The electrical conductivity of the Au80Sn20 solteimp is studied by comparing the
electrical resistance of flip-chip-connected mdiaés with a metal line that has the same
thickness and projection dimension as the flip-aopnected structure (see Fig. 3.16 for the
illustration and film stack information). It mustebmentioned that, due to equipment
limitation, simultaneous flip-chip alignment andlosv could not be performed at DIMES.
In the flip-chip bonded structures, the chip witletad lines and Au80Sn20 bumps are just
reflow bonded (reflow temperature 300) onto a dummy chip covered with an unpatterned
gold layer.

The electrical resistance of each structure is meadsusing a 4-probe method. The
resistance of the AuSn solder bump can be calaclkze

_RA' RB

Rbump = T (3.5)

whereR,ump is the bump resistanc®,, Rs is the resistance of structures A and B (see
Fig. 3.16), respectively; and is the number of bumps in the electrical path.ngsthis
method, the electrical resistivity of the fabricht&uSn bumps of 189 c¢m is measured.
Similarly, when the tin electroplating step is giégl, the electrical resistivity of fabricated
gold bumps of 119 cm is measured.
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Cracks in the PR

Bubbles generatedinp%@

/

N

Au plating underneath the PR mold

(@)

(b)
Fig. 3.15 Stress generated in the gold platingcess may crack the photo resist mold and
ruin the plating process: (a) before; and (b) aftee photo resist removal.
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Si
Dummy Chip with _
unpatterned Au layer glo2
r
Au

Au80Sn20 Bump
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Cr
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Si

(a)
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Sio,

Si
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Fig. 3.16 The structures used to study the elegtriesistivity of the AuSn bumps: (a)
flip-chip connected metal lines; (b) a referenceahkne without flip-chip.

3.3.6 Tensile bond strength testing

After the electrical resistivity study, the flipipped structure is placed in a pull test set
up in order to study the tensile strength of th8@%n20 solder bumps. Table 3- IV lists the
detailed information on the bumps in the pull test.

Table 3- IV Characteristics of the chip with Au8@8 bumps for pull test.

Chip size Bump height Bump diameter
Bump count
(mn) P ('m) (m)
5x6 28 15 30

The pull test was performed on a Zwick 1474, whgta universal test machine (see
Fig. 3.17). The test was accomplished by firstnfixia pull stud to the chip stack using
epoxy. The other end of the stud was inserted théotest machine and secured with a
hardened steel gripper fixture. A load was thergmssively applied through the stud to the
specimen. The load generated by the machine wasdedt with a computer while the
machine slowly pulled the chip stack along its tiendirection. With this setup, the average
measured tensile strength of the chip stack israt@6.4 MPa. This measurement result is
far below the in literature recorded value of 19B&[3.53]. This discrepancy can be
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explained by considering the fact that in the adthoneasurements, a relatively large
number of bonded solder bumps (i.e., 28) were mredsun parallel, and any

non-uniformities in the sample geometry result inca-uniform load distribution between
the individual solder bumps. Furthermore, by exangrthe samples using SEM, it is found
that the majority of the bumps (26 out of 28 buma® broken on the bonding chip side,
underneath the chromium layer. There is no stratti@ilure found (see Table 3-V). This
result may suggest that the bonding strength ofAth80Sn20 reflow bonded flip-chip stack
exceeds the adhesion strength of chromium to sildde. It can be safely concluded the
tensile strength of such solder bumps is larger 8&MPa.

Fig. 3.17 The Zwick 1474 pull test system usednechanical characterization of the
AuSn solder-reflow bond strength.
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Table 3-V Pull test results.
Overview Magnified

Chip with bumps

Bonding chip

3.3.7 Conclusions

In the field of advanced packaging, electroplatieghnique is widely used. In this
chapter, copper electroplating for TSV filling agdld and tin plating for fabricating solder
bumps were presented in detail.

The TSV filling with copper forms a low-resistivitjirough-silicon interconnect which
enables hybrid wafer-level packaging, MEMS or RFNEEdevice packaging. In this work,
Cu-filled TSVs with a diameter of less than 50 und @spect ratio of more than 5: 1 were
successfully demonstrated. The developed processindule is based on a two-step
electroplating and one CMP step. In the first etguating step, which is performed on the
wafer front side after the upper part of DRIE-fodrESVs is covered with a seed layer, a
copper plug in the via and front-side copper stmed in a photo resist mold are formed. In
the second step, the wafer is turned back sidendptlze TSVs are filled in a bottom-up
approach. The copper plug formed in the previoep sterves as a seed. The overplating
features occurring only on the wafer back sidethe: removed in a CMP step. The RF
characterization of RF-MEMS device wafer-level pagikg with copper through-wafer
interconnect is presented in Chapter 5.

Solder bumps are one of the key elements in mofligrehip packaging technology.
The solder bump made by gold/tin or gold alone shdew electrical resistivity and
relatively high bonding strength. These propertimake it a preferred option for
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optoelectronic device packaging. In this work, sadial Au/Sn plating in a resist mold on
an Au/Cr seed/adhesion layer was successfully taedu80Sn20 solder-bump formation.
The application of solder bumps in an optoelectr@sisembly is discussed in Chapter 6.
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Chapter 4

ADHESIVE BONDING IN WAFER-L EVEL
PACKAGING

4.1 Introduction

As already described in Chapter 1, wafer-level pgekg (WLP) refers to the
technology of packaging at the wafer level, instefithe traditional process of assembling
the package of each individual unit after wafeiirdic WLP, as a true chip-scale packaging
(CSP) technology, results in a package that iss#tme size as the silicon die. WLP extends
the wafer fab processes to include device interection and device protection. A basic
WLP, an example of which is shown in Fig. 4.1, $siaily a result of the aligned wafer-level
bonding of a device wafer to a capping substratdpwWed by interconnect forming,
electrical testing and, lastly, dicing into indiui dies.

Fig. 4.1 A SEM image of a 3 x 3 mmafer-level package (Tessera’s Shellcase package).
Wafer-level adhesive bonding of glass to silicon used to form a protective
glass-silicon-glass sandwich.
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Bonding at the wafer level is a fabrication proctss has been industrially tested. The
available bonding techniques used for industrialesearch applications can be classified as:
silicon fusion bonding [4.1], low temperature dirdmnding [4.2], anodic bonding [4.3],
eutectic bonding [4.4], glass-frit bonding [4.5hdaadhesive bonding [4.6-4.9].

Silicon fusion bonding is based on polymerizatioh silanol (Si-OH) bonds into
siloxane (Si-O) bonds, which requires processinggtt temperatures (usually 800-1115).
The allowable surface roughness to achieve a teliabnding is rather restrictive, i.e.,
micro-roughness of less than 4 nm and bow of lhas b pm is typically required [4.1].
Such strict requirements and a high thermal buddgkebaturally limit the applications where
this technique can be used. Low temperature disdicion wafer bonding is a process
developed recently where a plasma treatment is jusg¢defore the bonding step to activate
the wafer surface [4.10]. The bonding temperatusm de significantly decreased
(200-400°C) but the bonding quality is influenced by surfaceghness, particles present on
the surface, and the planarity of the wafers.

Anodic bonding is a well established process in MEMS industry. The bonding
temperature is in the range of 300-4%D and the process requires again a good quality
surface. However, the high electrical field invalv€/00-1200 V) in the bonding process
may seriously affect electrical circuits in the Hed devices. Moreover, this technique
utilizes sodium-rich glass, such as Corning #77#0which the mobile Naion is a
well-known contamination source for the modern I@nmfacturing.

Eutectic and glass frit bonding are another lowgderature processes. Eutectic bonding
is a technique with a reduced yield which is vezgsitive to contamination [4.4]. Glass frit
bonding is starting to be used in industry as #&ermhtive to anodic bonding especially due
to its relatively low cost. It is, however, congide to be a “dirty” process and for this reason
is less attractive for substrates containing aativeuitry.

Adhesive bonding enables the joining of differeppds of substrates at lower
temperatures (usually below 200 °C). The technigudess dependent on the substrate
material, particles, surface roughness and plananitthe bonding surfaces [4.6]. The
opportunity to use standard microfabrication degimsiand patterning together with the less
strict demands on the wafer surface planarity effar low-cost processing solution.
Furthermore, with a metal filler in the adhesivége tadhesive can provide electrical
conductivity and can be used for a chip-to-chip aafer-to-wafer conductive interconnect.

In terms of conductivity, adhesives can be clasdifis nhonconductive (non-conductive
adhesive or NCA) or conductive (electrical condeetadhesive or ECA). In general, ECAs
are formulated by mixing polymeric resins (suchepsxies, silicones, and polyimides) and
metallic fillers. The most popular fillers are @tv(Ag) flakes, which generally have a thin
layer of organic lubricant on their surface to g their dispersion. In general, conductive
adhesive pastes have a high resistance before @ime.adhesives can achieve high
conductivity after they are cured [4.11-4.13], whiis due to the increased contact area
between the metal particles achieved by the intestnass of the cured polymer.

Depending on the filler density, the ECA can betHer classified as an isotropic
conductive adhesive (ICA) and an anisotropic cotide@adhesive (ACA). An ICA conducts
electrical current in all directions. In the ICA,large quantity of metal particles must be
present so that they are touching each other, ey thust be in close enough proximity to
allow electron tunneling to the next conductivetigde through the nonconductive epoxy
matrix. Typically, 60-80 % of the metal filler, gerally precious metals such as gold or
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silver, is required to make an adhesive electycatinductive [4.14]. In contrast to the ICA,
the metal filler density in an ACA is so low thatdoes not show electrical conductivity
when a normal curing process is used. In orderakenan electrical conductive interconnect
with an ACA, pressure has to be applied to the AdiAing curing. Under pressure, the
metal fillers in the ACA are compressed and brougtat contact with each other to form an
electrical path. In general, in an ACA flip-chip wafer bonding, the bumps have to be
deformed by the pressure applied to make the ACBeltwveen the bumps conductive. The
mechanisms which form an electrical path in thp-fhip or wafer bonding with an ACA
and ICA are illustrated in Fig. 4.2.

Metal filler
/ 1 \
Substrate
o] 4] 4 \
_—T © o o o o
Bump\_o_”\zmko ° oz Ooo\#EE‘WO
Substrate
ACA
Me;[al filler
Substrate
Bump Wﬁ%’/ \‘W
Substrate

ICA

Fig. 4.2 Electrical conductive mechanism of sudtsis interconnected by using an ACA and
ICA.

An NCA does not contain metal fillers, so it doed have electrical conductivity at all
times. However, because of its low curing tempeeaind good bond strength, the NCA is
still an interesting solution for some WLP applioas. As one example of the NCA, SU-8 is
attractive for WLP, since it is a photo-definabl@lymer and its bonding process does not
involve either high temperature steps (< 229 or any electric fields. Also it is much less
sensitive to the surface condition of the bondinlgstrates. The formula of SU-8 is shown in
Fig. 4.3.
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Fig. 4.3 Su-8 formulation [4.20].

In this chapter, WLP techniques based both on atthduand non-conductive adhesives
are discussed. For the conductive adhesive WLP, BGB& bonding is characterized
electrically and mechanically. For the non-conduethdhesive WLP, a novel wafer bonding
technique for MEMS device packaging using contasited SU-8 is developed and
characterized.

4.2 Electrically Conductive Adhesives in Wafer-Level
Packaging

In the author’s study on RF-MEMS device packagitiie ECA is studied as a
replacement for solder bump in RF-MEMS device pgeoi@ The ECA used is CE3103
WLV from Emerson & Cuming. CE3103 WLV is a one campnt, electrically conductive
epoxy adhesive that is a lead-free alternativedldes. CE3103 WLV has a consistency
which makes it specifically suited for die and cament bonding, and for use in component
assembly applications [4.15]. Some key data of @B34/LV are listed in Table 4-I.

Table 4-1 Properties of an epoxy-based electsioadinductive adhesive CE3103 WLV
[4.15].

Property Unit Typical value
Viscosity at 25°C Pa.s 15-25
Silver content wt % 76
Volume resistivity Ohm.cm 9x 10
Glass transition temperatureJ T °C 114
Coefficient of liner thermal ppm 45 (below )
expansion (CTE) ppm 225 (above gy
Cure time min 10 (at 120C)
min 3 (at 150C)
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The application of the CE 3103 WLV adhesive in REMS WLP is presented in
Chapter 5. In this section, the electrical condifgtiand bonding strength of the CE3103
WLV are determined.

4.2.1 ECA coating process flow

Due to their high viscosity, it is not easy to spoat ECAs as a photoresist. The most
often used coating methods for ECAs are: stenditipg, pin transfer (dipping) and
syringing [4.11]. In this study, the stencil primgi method was used to apply CE3103 WLV
onto silicon substrates. The process flow of stgraiting is shown in Fig. 4.4.

At first the ECA stencil (aluminum foil, thickneseD m) is aligned manually and
attached onto the silicon substrate. The ECA is teplied on the redundant area of the
stencil. By scraping with a blade, the ECA is flllsmto the trenches in the stencil. After
curing the wafer at 128C for 20 min, the ECA is ready for testing.

Blade
o Stencil
Si | Stencil
(@ .
Si
()
ECA
/_\ Stencil ECA
- O
Si Si
(b) (d)

Fig. 4.4 ECA stencil printing: (a) stencil attaché& the silicon substrate; (b) ECA applied
onto the stencil; (c) ECA filled in the stencil &ddy using a blade; (d) stencil removal and
curing.

4.2.2 ECA electrical resistivity

As discussed earlier in this chapter, ECA is coradosf an epoxy matrix and metal
fillers. The mechanism of making the ECA electiicalonductive is to bring the metal filler
particles in the epoxy in contact to form the efeat path, by means of curing and applying
external pressure [4.14, 4.16-4.19]. In this sectitne ECA resistivity dependency upon
the curing temperature and bonding pressure apaliedtudied.

In this study, an ECA flip bonded “chip stack” isadl (see Fig. 4.5). The “chip” is made
of FR4 (PCB) covered with bondable gold. The ECA8C03 WLYV) is coated onto one end
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of one piece of the FR4 chip by stencil proces® ddated ECA area is 5x5 rTwo wires
are then soldered onto the other end of the FRa éiter bonding these two FR4 chips, the
measured chip stack is glued, using thermal congrpaste, onto a metal block onto which
a Pt100 temperature sensor is mounted for readihthe actual temperature.

FR4

U

! | CE3103 WLV |

U

FR4

Fig. 4.5 CE3103 WLV bonded FR4 chip stack for ¢hedy of the ECA cure conditions
(temperature and pressure). Drawing not to scale.

The experiment was carried out in a computer ctlettmven. The electrical data were
read out by the HP34901A data acquisition unit esitected by LabVIEW.

A) Resistivity vs. cure temperature.

By stabilizing the temperature at each measurenpenimt for 10 min, the cure
temperature was slowly raised from room temperatorel50°C. The measured ECA
resistivity as a function of the cure temperatusgsotted in Fig. 4.6.

1,0E+02
1,0E+01 [~ ==

1,0B+00 1~ & Without pressure” - S
1,0E-01 |-- & Withpressure .-

TOE-02 f o
T,OE-03 |-

Resistivity (ohm. cm)

1,0E-04 [~ & v o &

1,0E-05

0 50 100 150
Temperature (°C)

Fig. 4.6 CE3103 WLV electrically conductive adliesesistivity (5 mm x 5 mm, thickness of
10 um) change during curing with and without an lsgap external bonding pressure of
800 kPa. The temperature was increased from roonpégature up to 140 °C in increments
of 10 °C. At each step the temperature was stakiiliar 10 min.
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It is clear from Fig. 4.6 that the resistivity ¢fet ECA is strongly dependent on the cure
temperature. At low temperatures, <@in this case, the ECA exhibits high resistivimatt
is in the ohm range. The resistivity decreases tithrising cure temperature up to about
110°C, at which point the ECA resistivity falls intoethmicro-ohm range. This is due the
shrinkage force of the epoxy which compresses tltalnfillers. The resin, during the
thermal cure, shrinks and causes closer contavteleet the Ag flakes yielding a dramatic
drop of particle-to-particle contact resistanceisTesult confirms that for this type of ECA,
a cure temperature of at least £@for 10 min is required to guarantee a sufficighbw
electrical resistance.

B) Resistivity vs. bonding pressure.

The above-discussed experiment was repeated byiag@n external pressure onto the
top FR4 chip. The applied pressure was around 820 Khe resistivity measurement results,
with and without external pressure applied, ardét@ibagain in Fig 4.6. The achieved results
are consistent with the measurements published4.it4] and show that by applying a
relatively low external pressure during curing, Ef@A resistivity slightly decreases, but the
difference with the results obtained without anyteexal pressure applied is not very
significant.

4.2.3Tensile bond strength

Pull tests were carried out on the CE3103 WLV-bahdammy silicon chip stacks to
study the tensile bond strengths. The bonding ¢mmdi of the test samples are listed in
Table 4-II.

The tensile bond strength results are shown in &ig. First of all, it can be observed
that the cure temperature has a significant impacthe final bond strength. Therefore a
proper curing is essential in achieving a strongdo

Furthermore, it can be seen that the bond stremigthe CE3103 WLV adhesive is, in
general, lower than the bond strength of the Au0@solder bumps presented in Chapter 3.
This is due to the CE3103 WLV composition. In ad¥es, what promotes the bond strength
is the epoxy. In CE3103 WLV, however, the majodfythe material consists of metal fillers
(Ag flakes) that do not contribute to the bond sfith. Hence, the CE3103 WLV, as well as
other types of ECAs, shows a lower bond strength.

Table 4-II CE3103 WLV bonding conditions for thertal strength test.

Sample Cure t(eorg)perature Bondi(rll(%g)ressure
A 120 0
B 120 800
C 150 0
D 150 800




78

D3D

Hybrid Wafer-Level Packaging for RF-MEMS and @ectronic Applications

%RQG VWUHQJIKW

$ % & '
6DPSOH

Fig. 4.7 ECA tensile bond strength test results.

4.3 Nonconductive Adhesives in Wafer-Level
Packaging

Protecting of the fragile and movable MEMS compdsgés often the most challenging
part in the field of MEMS device packaging. The kaging process should be designed in
such a way that its impact on MEMS devices is mingd. At the same time the packaging
process should be as simple as possible to redwcdotal packaging cost. Wafer-level
bonding of the MEMS substrate to a protective cagsubstrate with recesses might be
considered a suitable solution.

In this work, a WLP solution for MEMS devices bying contact printed SU-8 is
proposed. SU-8 (Microchem Corp.) is a negative xgfigpe, near-UV photoresist based on
EPON SU-8 resin. The resist has been developeaipjgiications requiring high aspect ratios
in very thick layers. The important property thadkes the SU-8 suitable for thick resist
applications is its very low optical absorptiontire near-UV range. This leads to uniform
exposure conditions as a function of thicknessalwmivs patterning of the SU-8 layers up to
few hundred micrometers.

In the proposed packaging solution, a glass wafersed as the capping substrate that
facilitates easy wafer-to-wafer alignment and bagdjuality inspection; patterned SU-8 is
used as a spacer to accommodate the MEMS deviagerof uncured SU-8 is applied onto
the top of the SU-8 spacer by contact printingWafer-to-wafer bonding. With this solution,
which is illustrated in Fig. 4.8, all the packagipgpcesses are carried out on the capping
substrate in order to avoid contamination of the M&E devices. The entire packaging
sequence exhibits a low temperature budget, higll Istrength and easy processing. In this
section, this solution is discussed in detail.
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Glass

Photo-defined

S SuU-8

| [ ' — Contact-printed
MEMS SU-8

Si

Fig. 4.8 The proposed MEMS device packaging smiubiased on an SU-8 spacer and a
contact printed SU-8 layer.

4.3.1 Process flow

Fig. 4.9 illustrates the entire WLP process flowsdxh on the SU-8 contact printing
technique. As the capping substrates, AF-45, 4-gameter, sodium-free glass wafers with
a thickness of ~300m are used. In order to promote the adhesion, ltdss gvafers are first
cleaned in an HN@bath. Subsequently, just before coating, the wadre annealed at
200°C for 10 min in an oven to remove any moistureayer of SU-8 is then spin-coated to
form the MEMS accommodating spacer (see Fig. 41@adhis study, three different SU-8
spacer thicknesses (~40, ~60 and ~80 um) weralteste corresponding spin rates varying
from 1200 to 1800 rpm. After a soft bake at°@5for 10 min, the SU-8 was patterned using
UV exposure to define the test structures (see4=8h).

When the SU-8 spacer is defined, the same typdJe8 & contact-printed onto the top
of it by a roller (see Fig. 4.9c) and aged for 1id at room temperature. This printed SU-8
layer is about 4-8m thick and acts as an intermediate adhesive lmyéne subsequent
wafer-to-wafer bonding. During the bonding sequepeeformed in a wafer bonder, the
printed glass wafer is first aligned and then prdssnto the device wafer (see Fig. 4.9d)
under a pressure of 200 kPa applied for 5 min. AdXgosure step (350 mJ/gni0 min) is
then employed from the glass side of the bonde@msthck to cross-link the printed SU-8.
The following baking step (60 min) further crosskis the printed SU-8 in order to improve
the bond strength (Fig. 4.9e). The influence of leading temperature on the final bond
strength was evaluated. An overview of the bondiagameters used in the evaluation is
listed in Table 4-III.

Table 4-111 List of conditions evaluated in the loimg experiments (SU-8 thickness and
bonding temperature).
SU8 thickness (m) 40 60 60 60 60 80
Bonding temperatureQ) 120 95 105 120 135 120

Fig. 4.10 shows a photograph of a fabricated gdafstrate with a contact-printed SU-8
layer on top of the test spacer patterns. Thepaierns, serving as the SU-8 spacers, are
composed of different test structure with differgpdttern density for the tensile bond
strength testing.
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Fig. 4.9 Schematic process flow of SU-8 contattitijg wafer bonding (drawing not to

scale): (a) an SU-8 layer spin coated on the ghladsstrate; (b) SU-8 exposure with UV light,
development and baking; (c) SU-8 contact-printinghva roller on top of the defined SU-8
spacer; (d) alignment and bonding to the silicorbsttate in a wafer bonder under a

pressure of 200 kPa; (e) UV cure and final baking.
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Fig. 4.10 A photograph of a contact-printed cagpiglass substrate bearing tensile bond
strength test patterns.

4.3.2Process related issues
A) SU-8 pattern transfer resolution

In the proposed adhesive wafer-level bonding pooesdule, the SU-8 spacer must be
thick enough to accommodate the MEMS device heilghthe SU-8 spacers might be rather
thick (40-80mm), it is important to know what spatial resoluticein be reliably achieved in
the photolithography step. The spatial resolutdéfined by the size of the finest structure
that can be reliably defined. The SU-8 spacer apatisolution was studied using trench
patterning.

Since SU-8 is a negative tone photoresist, afterdiévelopment, the exposed area
remains and the non-exposed is removed. The majslem in achieving high spatial
resolution in SU-8 patterning is the difficulty @mpletely developing the photoresist all the
way to the bottom of the trenches. If the trenchiestall and narrow, it is difficult for the
photoresist developer to reach the bottom of teact, dissolve the unexposed resist and
then be replaced with a fresh developer to completegrocess. Regular stirring methods are
ineffective and aggressive methods can damagetthetiges. In addition, diffraction and
stray light can lead to sloping sidewalls and oxposed areas, and exposure in undesired
locations. Especially, when dealing with thick SUeers, the trench width plays an
important role. Fig. 4.11 shows a fabricated samyth a 60-um thick SU-8 layer after its
development with trenches of the following widtfi® left to right): 5, 10, 15, 20, 25, 30,
50 and 75 um. It can be observed that trenchesaadlz, which are 5, 10 and 15 um wide,
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respectively, are still fully blocked. Trenchesedand f, which are 20, 25 and 30 um wide,
are partly open. Only trenches g and h, which @rar 75 um wide, are well defined down
to the trench bottom. These results indicate thaekaging cavity formed in a 60 um thick
SU-8 layer should not be smaller than 50 x 5¢.um

Fig. 4.11 Photograph of an SU-8 sample used fotepattransfer resolution evaluation.
Trench widths: a) 5m, b) 10 m, ¢) 15 m, d) 20 m, e) 25 m, f) 30 m, g) 50 m and f)
75 m; SU-8 thickness: 60m. Note that in the trenches with a width of 3 and less, SU-8
residues can be observed.

B) Post exposure bake vs. cracks

According to Table 4-Ill, the SU-8 used for makihg spacer is thick. When processing
thickness photoresist, the baking step is importanavoid cracking in the photo. In this
process flow, there are several baking steps: badfter SU-8 coating, baking after exposure
and baking after development. It was discovered tha post-exposure bake (PEB) is
directly related to the coated SU-8 quality. It wWasher noticed that a slow temperature
ramping up and cooling down is essential for th&REep in order to relax the stress in the
SU-8. The stress generated by the SU-8 itself amilyecrack the bonding structures,
especially in concave corners, see Fig. 4.12.

C) Air bubbles trapped in the spacer layer

After wafer bonding, air bubbles are sometimes fbtrapped in the SU-8 spacer layer
(see Fig. 4.73). Since the effective bonding aseaeduced due to the existence of the
bubbles, the bond strength decreases. These bubiliesate mainly from the pouring of the
SU-8 onto the glass wafer for spin coating. IdIgfore spin coating, normally > 2 hours,
helps to drive those bubbles out of the resist@oduce a smooth bubble-free SU-8 layer.
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(@)

(b)
Fig. 4.12 Photographs of a patterned SU-8 layeterathe post-exposure bake (PEB)
illustrating its influence on layer cracking: (a) detail of an SU-8 cavity at its corner
without any cracks (slow ramping and cooling); ébfast PEB temperature ramping may
produce cracks.
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Fig. 4.7 Inspection shows that there are bubblegpged in the SU-8 spacer layer. A
sufficiently long idle time before spin-coating Garoid this problem.

Fig. 4.8 SEM picture of a corner of the bonded samp
D) SU-8in the cavity

In Fig. 4.7, it can also be observed that thei ‘skirt’ around the bonding structure in
the cavity formed by the SU-8 spacer. This washirrinspected using a SEM; the obtained
SEM micrograph is shown in Fig. 4.84. Since theted SU-8 is still viscous before curing,
even though most of the solvents in SU-8 are exgettt evaporate quickly, during the wafer
bonding process this printed layer of SU-8 car Isélsqueezed out of the bonding area into
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the cavity and form a skirt around the bondingdtites. This skirt is clearly visible in Fig.
4.8 and can extend up to few um. This has to bentétko consideration during the package
design.

At the same time, Fig. 4.7 and 4.14 show that theted SU-8 layer does not flow
inside the cavity, leaving the silicon surface oleghis is essential for this application as the
vulnerable MEMS devices must not be contaminatethduhe capping process.

4.3.3 Tensile strength measurements

After wafer bonding, the bonded wafer is diced #otensile strength test. Using the
same measurement methodology discussed above, BUr8led chip stacks were
characterized using a pull test. The measuremsattseare presented and discussed here.

A) Bond strength vs. bonding temperature

The tensile bond strength measurements taken frenbonding temperature variation
(with a fixed SU-8 thickness of ~60 um) are plotiadrig. 4.9 and summarized in Table
4-1V. Firstly, it can be observed that the averbgad strength increases with the increasing
bonding temperature. Above 105 °C, however, theramee bond strength does not
significantly change. This may suggest that thatpd SU-8 can be fully cross-linked and
reach its maximum bond strength, which is 20.9 M&a;105 °C. Similar results are also
reported by [4.22]. For redundancy, curing at 120Would be sufficient to obtain the
maximum SU-8 bond strength. This temperature ieptedle for all the applications of
VLSI, sensors or MEMS devices. Further, it can loticed that the data fluctuation in
Fig. 4.9 and in Table 4-1V is rather large. Aftareful investigation, it was discovered that
this is mainly due to the air bubbles in the SUp8cer.
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Fig. 4.9 Results of die-level tensile strength smeaments showing the influence of the
bonding temperature (SU-8 thickness, ~ 60 um).
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Table 4-IV Results of tensile strength measuremessts bonding temperature (SU-8
thickness: 60 um)

Bonding temp. 1C) 95 105 120 135
Avg. bond strength (MPa) 9.62 14.30 15.05 15.01
Max. bond strength (MPa) 15.39 20.93 20.61 16.70

No. of samples 5 5 5 5

B) Bond strength vs. SU-8 spacer thickness

The tensile strength measurements taken for the3 $tiekness variation (at a fixed
bonding temperature, 120 °C) are plottedrig. 4.10and summarized in Table 4-V. In this
plot, there is no clear dependence of the bondgtineon the SU-8 thickness. This may
indicate that the SU-8 thickness does not affeethibnd strength in this process. Similar to
Fig. 4.9, a large data fluctuation is observed dissussed in the previous section, this may
be strongly related to the bubbles trapped in tiregd SU-8.
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Fig. 4.10Results of die-level tensile strength measurensriwing the influence of the SU-8
layer thicknesgbonding temperature 12T).

Table 4-V Results of tensile strength measurementsSU-8 layer thickness (bonding
temperature of 120 °C).

SU-8 thickness (m) 40 60 80
Avg. bond strength (MPa) 14.29 15.05 14.63
Max. bond strength (MPa) 19.40 20.61 17.5

No. of samples 3 5 3
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b)

Fig. 4.11 Failure mode analysis: a) illustratiori bow some of the samples are broken; b)
glass side of a broken sample (the background fexsuthe surface of the sample holder); c)
silicon side of the same sample.
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C) Failure mode analysis

After the tensile strength tests, some samples Wether inspected to investigate the
typical failure mode. The inspections show that tmolsthe samples are broken at the
interface between SU-8 and the glass substratee smenbroken at the interface between the
SU-8 and the silicon substrate. Furthermore, tien® failure in the SU-8 (cohesive failure)
found in this experiment. This suggests that thedbw strength between the printed SU-8
and the pre-patterned SU-8 bonding structure isngar than the SU-8 adhesion to the
substrates. This indicates that the failure modethi§ packaging technique is mainly
adhesive. This also explains why the bond stredgés not depend on the SU-8 thickness
variation. Fig. 4.11 shows a few failure examples.

4.4 Conclusions

In this chapter, adhesive bonding for WLP applmagi has been presented. Adhesives
for wafer-level packaging can be classified as EE@W NCA, depending on their electrical
conductivity. In general, adhesive bonding in WLppl&cations provides a low bonding
temperature, has low requirements on the surfaakitgjof the to-be-bonded substrates, does
not require any high electric field, etc. All ofetbe favorable properties make adhesive WLP
a popular research topic today and a promisingstmg production practice.

In this chapter, both the ECA and NCA were discds&CA, represented by CE3103
WLV in the author's work, shows cure temperatured ayonding pressure-dependent
electrical conductivity. This is mainly becausesiéwo conditions may help to reduce the
contact resistance of the metal fillers in the EQAe bond strength of the ECA is not as
high as some other bonding techniques, such asofder bumps discussed in Chapter 3. It,
however, still can be a very useful technique ipliaptions where the bond strength is less
critical but the bonding temperature is importabhe application of ECA in RF-MEMS
device WLP is discussed in Chapter 5.

The application of SU-8, as an NCA, in MEMS devjgackaging is presented as a
preliminary study. In this part, the SU-8 contadtipprocess for MEMS device packaging
was discussed in detail. In this process, SU-8 wgesl twice: as a MEMS accommodating
spacer and also as adhesive material. The latbetifuin was realized using contact-printing
of the thin SU-8 layer with a roller onto the toptle pre-patterned SU-8 spacer. With this
process, the SU-8 stress impact on the MEMS strestean be greatly reduced. The
maximum bond strength (20.9 MPa) can be reachetDat’C. This process allows low
temperature and non-electric field WLP and is palérly suitable for sensors and MEMS
packaging.
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PART II:
APPLICATIONS
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Chapter 5

HYBRID WAFER-L EVEL PACKAGING OF
RF-MEMS DEVICES

5.1 Introduction

In recent years, with the development of RF-MEMSides and their applications, new
challenges have been introduced to the existindagzaeg technology. First of all, the
RF-MEMS package has to provide appropriate pratectior all movable and thus
vulnerable MEMS parts from possible harmful effesisch as dust, mechanical vibrations,
shocks, etc. Next to the protection, the package fua realize a reliable electrical
interconnect and, if possible, facilitate co-intgn of RF-MEMS devices with CMOS
circuitry [5.1]. This chapter describes a hybrid fevdevel packaging solution that is
applicable to RF-MEMS devices and is based on dbedation techniques described in the
previous chapters of this thesis.

It needs to be mentioned that the work presentethit chapter was done in close
collaboration with J. lannacci from Universita de§tudi di Bologna. The author focused
mainly on the fabrication process development ade fabrication and characterization.
For the sake of completeness, some of the modaimy simulation results achieved in
collaboration with J. lannacci are also include@®]5

5.2 Hybrid Wafer-Level Packaging

Of the many possible techniques, the wafer-levetkpging (WLP) approach has
demonstrated to be an interesting option for RF-MENevice packaging. In general, it is
challenging to provide appropriate protection aaslyesignal access to the RF-MEMS device
simultaneously. Usually, this is done by reroutihg electrical interconnect from the device
wafer front-side to its backside via a through-wafderconnect, and bonding the capping
substrate to the front-side of the device waferusTithe bonded system can be accessed
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electrically at the backside of the device wafdre Trawback of this solution is that a great
deal of the area on the device wafer is occupiedth®y through-wafer interconnect.
Consequently, this increases the manufacturing tmxtp and thus its cost. On the other
hand, the RF-MEMS technology often involves soemlldirty’ processes, e.g., KOH
etching, Au metallization, etc., which are not catilple with the standard IC cleanroom
technology used for making the control or commutidea circuitry of the RF-MEMS
devices. Thus, it is normally necessary to divide RF-MEMS system into two parts—the
MEMS part and the circuitry part—and process theee parts in different process lines.
Normally, after the circuitry part is finished, Wiproper protection for the circuitry area, the
MEMS part is processed. This approach also inceetis® manufacturing cost and process
complexity of the device wafer [5.2].

In this chapter, a novel hybrid RF-MEMS packaginfygon is presented. In this solution,
a capping substrate with a copper-filled througliewainterconnect and recesses
accommodating the RF-MEMS structures is bonded tmedRF-MEMS device wafer using
either solder reflow or electrically conductive adives, depending on the requirements of
different applications. With this solution, the frction and the signal access to the
RF-MEMS device is realized in one single step atdhe same time, the design and process
complexity and cost of the device wafer is redud&d.important aspect of this solution is
the possibility to include through-substrate cagtfor aligned insertion on the die-to-wafer
level of the control IC chips, resulting in a hybiVLP. After completion of the packaging
process on the wafer level, singulation into indidl dies is performed resulting in a
surface-mount technology (SMT) compatible compondiitis solution is schematically
shown in Fig. 5.1.

Fig. 5.1 Proposed wafer-level packaging solutioor fRF-MEMS applications. A
high-resistivity silicon capping wafer containingt&rough-wafer electrical interconnect and
cavity is bonded to the RF-MEMS wafer. Additioras lare flip-chip bonded through the
cavity onto the RF-MEMS device wafer.
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5.3 Design Parameter Optimization

In order to characterize the proposed packagingtisol, coplanar waveguides (CPWSs),
instead of real RF-MEMS devices, were used. Thisicthwas made mainly because the
influence of the capping substrate can easily terpneted when applied to structures with a
simple frequency response. However, there was algactical reason. In the package
process development where several trials are rageks optimization, it was preferable to
use simple test structures without the need tdfgscactual RF-MEMS devices. Plated gold
was used as the finishing metallization layer iniclwhthe contact pads for solder reflow
bonding to the capping wafer were defined. A highistivity silicon (HRS) substrate was
used for both the RF-MEMS and the capping substrate

The 50 CPW's and shorts were arranged on a die whiclujpdichted over the silicon
wafer. The design of these structures as well at@fcapping substrate were performed
within the Agilent ADS environment [5.4]. Moreover, the optimization dfet CPW'’s
design to reach the 50 matching and a preliminary investigation of th@mag influence
on the electromagnetic behavior of such structwese done with the ADS Moment¥m
Design examples of a CPW and short including thepicey part in ADS are respectively
shown in Fig. 5.2 and Fig. 5.3.

Fig. 5.2 A 50¢¥ CPW designed with Agilent ABSThe two ports for the S-parameters
simulation are visible.

Fig. 5.3 A short designed with Agilent ADShe port for the S-parameters simulation is
visible.



96 Hybrid Wafer-Level Packaging for RF-MEMS and @ectronic Applications

This design aims to achieve several goals. Fillshe@basic RF behavior related process
parameters are to be optimized, such as TSV diapsetbstrate thickness, bump height, etc.
Secondly, since the proposed packaging solutiorodotes new elements that are not
original parts of the RF-MEMS, the influence of thew elements on the RF performance of
the packaged system is inevitable. With the desigg@Ws, the influence can be easily
studied. Thirdly, the processes of fabricatingd¢hpping substrate and wafer bonding can be
determined and optimized.

In the MEMS or RF-MEMS device packaging, minimurfiience from the packaging
elements is always desired. Based on the aboveignedt process- and layout-related
parameters, a fully parameterized model of a pasdkaigansmission line was implemented in
Ansoft HFSS™ [5.5] prior to actual fabrication in order to idéy the optimum combination
of all the available process parameters.

In the optimization work, all the elements of theckage fabrication process that can be
modified are included. These are modified in thaated (parametric) simulations within
ranges that are practical in the envisioned procHss observation of the results allows the
influence of each variation to be recognized fa thflection and transmission parameters
for each technology degree of freedom (DoF), whidlhlead to the definition of guidelines
to be followed in order to reach the optimum desfgsm the point of view of the
electromagnetic losses and mismatch reduction. Sdtematic view of a capped CPW
module built in Ansoft HFSY' is shown in Fig. 5.4.

Examples of the DoFs optimization work by using fbst discussed parameterized
model is shown in Fig. 5.5 and Fig. 5.6. Some effiarameter values used in the simulation
are listed in Table 5-1.

Fig. 5.4 The package module (a capped CPW) builtAnsoft HFS®'. The capping
substrate was rendered invisible to obtain a pldew of both the underlying CPW and as of
the vertical TSVs.

Table 5-1 The simulation parameter values usdeign5.5 and Fig. 5.6.

Transmission line Capping
Width ( m) . substrate Frequency
Length . Spacing thickness (GH2)
( m) Ground Signal ( m) ( m)
2000 900 150 30 350 15
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Fig. 5.5 Reflection parameter (S11) for the twoFB@ptimization performed at 15 GHz
with the parameterized model in Ansoft HE$S

Fig. 5.6 Transmission parameter (S21) for the Dak-s optimization performed at 15 GHz
with the parameterized model in Ansoft HE$S
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In Fig. 5.5 and Fig. 5.6, two technology DoFs—tli& diameter and the resistivity of
the silicon substrate employed for the capping febtication—are evaluated. Both these
DoFs are reported on the x-y plane, while the ctifi@ and transmission parameters are
reported on the z axis. Diameter ranges betweemi@nd 100 m are compatible with the
proposed process. In terms of the second DoFpsiliwafers with various resistivities are
available. The simulation was performed with sudistrresistivity values ranging from
15 cm (low resistivity silicon—LRS) up to 4 kekm (HRS).

Fig. 5.5 shows that lower values of the reflecfiamameter (S11) are achieved by using
a smaller via diameter and the LRS (16m). For instance, the S11 parameter is 16.1 dB
and 13.6 dB at 15 GHz for the via diameter of 1h and 40 m, respectively. This
somewhat unexpected result is in fact a false aptimas it is shown from the analysis of the
S21 parameter. More appropriately, a small S11rparer is also observable when a large
via diameter (over 60m) and a high resistivity silicon substrate are lygd (1 4 k cm).
Indeed, for the 2 kem substrate, the reflection parameter ranges leetw®3.4 dB and
16.5 dB at 15 GHz with the via diameter increasingm 60 m up to 100 m.

The same analysis for the transmission parameterisS€&hown in Fig. 5.6. Here, it can
be concluded that the poorest values are obtameshfiall vias etched in an LRS substrate.
In general, the 15 cm silicon must be avoided, since when it is uder $21 parameter
ranges between 12.3 dB and 8.1 dB at 15 GHz féa diameters from 10m to 100 m,
respectively. This complies with the presence distate losses due to eddy currents
surrounding the vias. On the other hand, high trassion parameter values are achieved for
the HRS substrate (1 4 kem) in combination with large vias (above G@). For instance,
the value falls into the interval from 1 dB to 64 dB at 15 GHz for via diameters ranging
between 50 m and 100 m, when a 2 kcm silicon substrate is employed.

Table 5-II List of the simulated technology DoFslaheir influence on the RF performance
of the packaged system.
Capping silicon
substrate resistivity

Losses and mismatch

Capping silicon

substrate thickness Losses and mismatch

Recess depth Losses and mismatch

Via diameter Losses and mismatch

GSG TSV spacing Losses and mismatch

Losses and mismatch

DRI RN
616 Nl

Bump height

Eventually, the optimization of both the reflectiand transmission parameters with the
Ansoft HFSSM shows that the best choice is represented bywitisa diameter of at least
60 m. With regard to the type of substrate, while tise of LRS is not an option, chosing
the proper high resistivity substrate brings upasible trade-off between the performances
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and the costs. In this respect, since the bermfhgeved in terms of S-parameters with very
high ohmic substrates (3 4 kem) are not that large with respect to the T and 2 k cm
silicon wafers, the 2 kem wafer would probably be the most reasonablecehoi

With extensive simulations considering all the wabgy DoFs, the DOFs that exhibit a
larger influence on the RF behavior of various eap@PW geometries are identified. These
are listed in Table 5-II together with the trend ezch in terms of additional losses and
mismatch introduced by the capping part as a carserg of their increase. For instance,
increasing the recess depth as well as the viael&niead to a reduction of parasitics
associated with the package, while the substrat&rtbss leads to an undesired increase of
losses and mismatch. This allows the definitiorihef appropriate ranges, within which the
package DoFs values should fall to reduce the pmckparasitics affecting the
electromagnetic behavior of capped RF-MEMS devices.

In defining these guidelines for the optimum desifthe capping part, issues related to
the technology are also accounted for. For exangpthjn capping substrate leads to better
RF performance. However, a trade-off arises with iiechanical strength of the cap itself,
which lowers with its height. By accounting forghssue, the optimum package height is
identified as falling between 250 and 30f, which is also a known good value for a
mechanically reliable silicon substrate as desdrimeChapter 2. Some of the values of the
optimized process DoFs are listed in Table 5-llI.

Table 5-1l Some of the simulation optimized preg®oFs.

TSV Capping Capping Bump Bump Recess Slllpon
. substrate | substrate . . oxide
diameter R . diameter height depth :
( m) resistivity | thickness ( m) ( m) ( m) thickness
(k_cm) (m) (m)
60 2 250-300 50 15 100 2

5.4 Process Flow

A schematic fabrication flow of a capping substratel its bonding to an RF-MEMS
device wafer using an ECA is show in Fig. 5.7. e fabrication of the capping substrate,
wafer back recess is first etched by using a DRiegss. Then, TSVs and cavities for chip
insertion are formed using the via-first techniglescribed in Chapter 2. The subsequent
copper electroplating process, described in Chagtéits up the TSVs and forms the testing
pads of the transmission line at the front-sidetlu capping substrate (see Fig. 5.8).
Afterwards, gold solder bumps are fabricated (Cha3) at the backside of the capping
substrate (see Fig. 5.9). The capping substrates ready for wafer bonding. In order to
allow a wafer-alignment check, wafer-alignment vang are also fabricated in the capping
substrate (Chapter 2).

The device substrate, which is the one carryingrdmesmission lines to be measured, is
fabricated by wet etching a gold/chromium layerjchiis deposited by evaporation.
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[

@)

(b)
(©)
! ! (d)

(e)

Fig. 5.7 The capping substrate fabrication and WirBcess flow: (a) recess etch at wafer
backside; (b) TSV and cavity formation; (c) TSYinfjl by copper electroplating; (d) gold
solder bump formation and at last (e) wafer aligmting with ECA.

After applying the ECA on the bumps of the cappsndstrate, the capping substrate is
aligned and pressed onto the device substrater &ite wafer-alignment check (refer to
Chapter 4), the wafer stack is cured at 120 °C1formin in an N environment under
12.5 kPa wafer pressure [5.8]. After cooling, thafev stack is bonded at which pointit is
ready for testing. Due to lack of a suitable watewafer bonding tool at Dimes (i.e., limited
bonding force range), only a part of the cappingewa.e., a four-died rectangular chip, was
bonded onto the device substrate (see Fig. 5.1@) pfocess of chip insertion into the etched
through-substrate cavities was also tested ancethét is shown in Fig. 5.11.
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Fig. 5.8 Top view of the CPW on the capping salstafter CPW formation and TSV filling
process by copper electroplating.

Copper in the TSVs

Fig. 5.9 Solder bump formed at the capping substtemckside on top of the copper filled
TSV after redundant copper polishing.
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Fig. 5.10 A demonstration of the proposed wafeelepackaging solution: (a) capping
wafer (demonstrated by a four-died chip) with dagitused as the alignment check windows
before bonding; (b) bonded to the device wafer {irpubject wafer).

Fig. 5.11 SEM micrograph showing a dummy silichipdnserted into a cavity formed in a
capping silicon substrate.
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5.5 Electrical Characterization

The capping substrate introduces additional comptsnéo the RF-signal path, i.e.,
through-silicon vias, ECA transitions and measunenpads on the capping substrate. The
fabricated samples containing CPWSs, shorts andopeme characterized before and after
application of the capping substrate to studyntlence on their RF performance.

Fig. 5.12 Experimental comparison of the S11 takema CPW before and after capping.

Fig. 5.13 Experimental comparison of the S21 takema CPW before and after capping.
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The measurement examples taken from a 13BGong CPW are shown in Fig. 5.12
(reflection parameter, or S11) and Fig. 5.13 (tnaiesion parameter, or S21). The full set of
the measured CPW dimensions is given in Table 5A¥.can be extracted from the
S-parameters plots (Fig. 5.12 and Fig. 5.13), aabép offsets are introduced by the package.
For instance, the reflection parameter increase tduthe capping is 9.24 dB at 10 GHz,
while the transmission parameter decreases 0.4t ti same frequency. This suggests that
an affordable influence can be expected of the gweg packaging methodology on the RF
performances of capped MEMS devices within the @eul frequency range.

Table 5-Iv CPW dimensions of the RF measuremesult® given in Fig.5.12 and

Fig. 5.13.
Length ( m) Thickness (m) Width ( m) Spacing (m)
Device Sub] Capping sub| Device Sub.| Capping subj Ground  Signal P 9
1350 200 0.5 32 300 116 65

Another comparison of S-parameters and their mat an uncapped and capped CPW
with different dimensions (see Table 5-V) is shown Fig. 5.14 and Fig. 5.15. The
S-parameter plots for the uncapped and cappedtioes an offset of 13.5 dB at 8 GHz for
the reflection parameter and of 0.21 dB at the sdraquency for the transmission
parameter.

Table 5-V CPW dimensions of the RF measuremendteegiven in Fig. 5.14 and Fig. 5.15.

Length ( m) Thickness (m) Width ( m) Spacing (m)
Device Sub| Capping sub| Device Sub.| Capping sub| Ground  Signal P 9
1200 200 0.5 32 210 100 60

Fig. 5.14 Experimental comparison of the S11 takea CPW before and after capping.
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Fig. 5.15 Experimental comparison of the S21 takema CPW before and after capping.

The RF measurement results from an uncapped anpedaphort are reported in
Fig. 5.16 and Fig. 5.17. The offset of the refl@ctparameter referred to the capped short
compared with the uncapped one is rather small7(@B2 at 10 GHz). The analysis of the
Smith chart of the S11 parameter shown in Fig. Sntifcates that an extra rotation occurs
for the capped short reflection parameter with eesgo the uncapped one. Indeed, the
electrical signal has to travel through a longethpdue to the vertical TSVs and top-side
measurement pads.

Fig. 5.16 Experimental comparison of the S11 patemon a short before and after
capping.
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Fig. 5.17 Experimental comparison of the S11 patemon a Smith chart on a short before
and after capping.

5.6 Validation of Simulation Results

The validation of the simulation results of thectlemagnetic behavior of a capped
device obtained using Ansoft HFSS was performeadmparing the experimental data of
capped CPWs with the simulation results of the sstmetures.

Comparisons of the S11 and S21 for the capped GRMVwas previously reported in
Fig. 5.12 and Fig. 5.13 with the simulated resaits reported in Fig. 5.18 and Fig. 5.19. The
offset between the simulated and experimental data be considered acceptable in the
analyzed frequency range both concerning the t&fle@nd transmission parameters. For
example, the displacement is 2.84 dB for the Slthrpater, and 0.16 dB for the S21
parameter, both at 12 GHz, respectively. More tesamd a detailed analysis can be found
in [5.3].

When interpreting these results, some technologyyeis have to be taken into account.
Certain process parameters, e.g., height of the ,E84 not well-controlled and in the
simulations only an estimated value was used. Sityjlthe thickness of the evaporated gold
structures can vary. After these considerations piossible to conclude that the HFSS has
proven able to produce results which are in reaseregreement with the experimental data.
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Fig. 5.18 Comparison of the experimental S11 patemalready shown in Fig. 5.12 with
the parameter predicted by Ansoft HE%S

Fig. 5.19 Comparison of the experimental S21 pat@amalready shown in Fig. 5.13 with
the parameter predicted by Ansoft HFSS.
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5.7 Influence of Electrically Conductive Adhesives on
RF Performance

It is inevitable that a redundant ECA exists arotimel bumps after the wafer-to-wafer
bonding process. The redundant ECA might be the hmieg squeezed out of the bump
region during bonding process or it might just pakited outside the bumps during its
application. As already discussed in Chapter 4 BBA contains conductive particles, e.g.,
Ag. Such closely spaced conductive particles migdresent a source of additional
unwanted capacitive couplings at high frequencidse Ansoft HFS8" electromagnetic
simulator was employed to carry out a preliminandg to assess to what level the presence
of conductive particles can affect the RF behawfarapped MEMS structures.

Simple test structures were chosen for this amglys., 50 CPW'’s and opens. These
were simulated in Ansoft HFS% introducing a layer of insulating material withcartain
number of conductive spheres distributed withinThe percentage of conductive material
with respect to the ECA volume was assumed to likdrrange of 5 10 % [5.6]. Results of
simulations for structures including the ECA layegre compared with the simulations of
the same structures without it. Typical cases ttat occur during the wafer-to-wafer
bonding concerning the placement of the uncompdeESA layer were taken into account.

Conductive
particles

Portl

Port2

GND
— SGN

ECA GND

Fig. 5.20 Ansoft HFSS 3D view of the open withuacompressed ECA layer in between the
two ports.
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The first analyzed structure was an open. Its AnddFSS 3D view with an
uncompressed ECA layer in between the two portsh@wnn in Fig. 5.20. Simulations in
HFSS were performed in the frequency range of 2&@8z. The S-parameter comparisons
on the structure with/without the ECA layer areegivin Fig. 5.21 (S11 parameter) and
Fig. 5.22 (S21 parameter). It can be observedibtt the S11 and S21 parameter curves for
the open with ECA layer are very close to the dieeshe open without an uncompressed
ECA layer between the two ports. Consequently, anlpegligible influence due to the
presence of an uncompressed ECA layer between tjarent RF-MEMS devices was
expected.

—4— 2SHQ ZLWK

—+— 2SHQ ZLWK| (&$

Fig. 5.21 S11 parameter plot for the open struetwith/without the presence of an
uncompressed ECA layer between the two ports.

—4+— 2SHQ ZLWK

—— 2SHQ ZLWK| (&$

Fig. 5.22 S21 parameter plot for the open struetwrith/without the presence of an
uncompressed ECA layer between the two ports.
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In some applications, it might be useful to reaizguasi-hermetic sealing of RF-MEMS
devices by forming an ECA ring around the RF-MEM&ide. Although, the ECAs with
polymer-based formulation do not provide full hetitigy, they might still be attractive in
less demanding applications because of the sireglifirocessing, low thermal budget and
low cost.

In order to study the influence of an ECA sealimgron the packaged RF-MEMS
device, the model shown in Fig. 5.23 using AnsdfS3 was built. Also in this case, the RF
behavior of the CPW does not seem to be signifigasffected by the presence of the
uncompressed ECA layer, as can be seen from tharéneters plots of Fig. 5.24 and
Fig. 5.25.

ECAring
Port 1

GND

SGN Port 2
GND

Fig. 5.23 Ansoft HFSS model of a CPW surroundedrbyncompressed ECA layer.
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Fig. 5.24 S11 parameter plot for the CPW surrouhtlg an ECA layer compared with the
one for the CPW without an ECA.

Fig. 5.25 S21 parameter plot for the CPW surrouhtg an ECA layer compared with the
one for the CPW without an ECA.

In conclusion, the presence of the uncompressed E@#r next to the RF-MEMS
structures does not seem to introduce significdditimnal parasitics to the RF behavior of
capped structures in any of the analyzed cases Sthidy served only as a preliminary
investigation on this issue and the results ardicgipe only to the structures analyzed and
the frequency range used.
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5.8 Conclusions

In this chapter, a novel hybrid RF-MEMS device megikg solution was presented. In
this packaging concept, a capping HRS substrate egipper filled through-silicon vias and
pre-etched cavities is wafer-level bonded to anMEEVIS device wafer using electrically
conducted adhesive. This RF-MEMS packaging solutionimizes the packaging design
effort in the RF-MEMS device design and fabricatighile keeping the packaging cost low.
An important aspect of this package is the possitih include through-substrate cavities for
aligned insertion of control ICs on the die-to-walevel making it a hybrid WLP solution.
Furthermore, the applied adhesive wafer-level bagpgirovides a low thermal budget and
less stringent requirements on the surface qualityich might be attractive in many
applications.

Next to the fabrication process development, thegpter also focused also on the design
optimization and RF characterization of the proplgsackage. For characterization purposes,
CPWs were used as a replacement for the real RF-S1E8Vices. The Ansoft HFSS full 3D
EM simulation tool was used to predict and optinttze RF behavior of a packaged system.

In conclusion, the experimental data shown prow the viability of the proposed
packaging solution, and the data concerning thee®sand mismatch introduced by the
capping part in the RF performance of test strestuare promising.
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Chapter 6
SYSTEM-IN-PACKAGE DESIGN IN
OPTOELECTRONIC PACKAGING

6.1 Introduction

In this chapter the author’s contribution to the&t Band Photonics (BBP) project [6.1]
is described. The goal of this project was to degvel System-in-Package (SiP) demonstrator
of an optical network unit (ONU) with a communieatibit rate of 10.0 Gbit/s based on a
fully integrated InP optical transceiver and a fedditional supporting Si ICs. A common
silicon carrier was envisioned as the packagingitgol. The main focus of the work
described in this chapter is a preliminary studwagsses if such a hybrid packaging solution
can meet the stringent thermal management requirsnimposed by the one-chip optical
transceiver.

6.1.1 Optical network unit based on an InP optical transiger

In the BBP project concept, individual end-user bemill be equipped with an ONU to
terminate the fiber and to provide electrical asdes other devices which are related to the
specific services that the end-user wants to siliss¢tn. The ONU needs to be low-cost and
its economic lifetime is expected to be in the ordka few years. The proposed ONU is
composed of three principal components, namelyrébased optical transceiver [6.2], a
SiGe-based receiver/amplifier, and a Si-based nétes burst-mode driver (see Fig. 6.1).
The ONU core is the optical transceiver, which ¢stssof a Mach-Zehnder wavelength
duplexer, a reflective SOA (semiconductor opticabpéfier), and a fast photodetector. The
silicon SOA driver chip is designed to drive the/&0y delivering a 130-200 mA current
resulting in a significant amount of dissipated powThe receiver chip amplifies the low
output current from the photodetector and extretsclock and data information for the end
user.
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OhU (Transceiver)

; Si SOA driver

' InP SOA modulator

: Duplexer A, } R
Lo, ey ]

Fig. 6.1 Schematic of the BB Photonics ONU.

6.1.2 System-in-Package based on a common silicon platfor

The envisioned packaging solution is a SiP or atirmhip module (MCM) based on a
common silicon platform. In this solution, the loBtical transceiver, the silicon driver and
the SiGe receiver are all flip-chip bonded ontocenmon high-resistivity silicon (HRS)
platform using solder bumps (see Fig. 6.2). The Hp&form provides high-density
interconnect infrastructure and micro-mechanicgramhent structures to facilitate assembly.
The SiP approach allows high integration levelsb# achieved and at the same time
flexibility the in selection of fabrication process for each component, thus alleviating
fabrication compatibility issues when single chipusions would be considered [6.3].

6.1.3 Packaging requirements

The envisioned packaging solution based on a commitinoon platform and
die-to-wafer assembly needs to meet many requiresmédext to the electrical crosstalk
handling, the thermal management of the opticaisiraiver is one of the most demanding.
The SOA requires operation temperatures below 3[5°2} as well as high driving currents
(> 100 mA) to be applied. This temperature range @aly be achieved by active cooling
realized by, e.g., a Peltier element to which iheas platform is attached. Furthermore, the
Mach-Zehnder wavelength duplexer requires locabenature stabilization for its operation
using a local heater and a feedback control loop.

The first generation of the fully integrated InPtiogl transceiver is realized on a chip
with dimensions of 0.7 x 3.7 nfm Considering the above-mentioned thermal loads in
combination with the limited thermal conductivitpdithe low mechanical strength of InP
[6.4], thermo-mechanical issues might play a altiole and therefore need to be assessed.
Furthermore, due to the CTE (coefficient of thernexpansion) mismatch among the
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materials involved, the thermal cycling of the S@#tive region will produce mechanical
stress and degrade the device reliability and rediis life time. The thermal and

thermo-mechanical behavior of this package wasietudsing a finite element modeling

(FEM) software tool. The simulation results wererthvalidated using an on-chip resistive
temperature sensor array and micro-hotplate measunts.

Fig. 6.2 The proposed MCM flip-chip approach fategrating all three chips in the BB
Photonics ONU.

6.2 Finite Element Modeling

The proposed package design comprises many diffenaterials, i.e., silicon, InP, Au,
etc. The package represents a composite structtileavcomplex geometry that cannot be
described using a simple analytical method [6.8]tHis work, the FEM software package
Ansoft ePhysic8" was used for the modeling.

6.2.1 Finite element model

The package FEM model built in ePhysitsbased on the actual optical transceiver
design, is shown in Fig. 6.3. Since the major emgé is the SOA part of the optical
transceiver chip, in order to reduce computatiometivhile maintaining sufficient accuracy,
appropriate adaptive meshing was applied. In aiwdrain the generated heat away from the
SOA active region and maintain a relatively sta®{@A operating temperature, a heat sink
implemented as a Peltier cooling element is useheaback side of the silicon carrier.

A) FE model geometry

Fig. 6.4 shows the packaging configuration modededtl a list of the component
dimensions are listed. The number of bumps is dileeoevaluation parameters in this study.
The bump’s dimension and count have been evaluated.
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Port to driver chip
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Fig. 6.3 The FE model built using Ansoft ePhy$lder the characterization of the package
thermal and thermo-mechanical behavior (heat sinsible).
B) Material properties

As a preliminary study, the present model assutmaisrhaterial properties are constant
and temperature-independent [6.8, 6.9]. The reketrmrmal and mechanical properties of
the materials involved are listed in Table 6-I.

Table 6- Relevant material properties used inudations [6.10].

Thermal Mass Specific Modulus Tensile
: I > CTE of
Material | conductivity,| density, heat, (ppm/K) clasticit strength
(W/mK) (kgim®) | (/kgK) | ‘PP Y| (vPa)
(GPa)
InP 97 4790 310 4.4 61 [6.12] -
Cu 386 8960 380 16.5 117 115-130
Au 318 18900 130 14.3 80 130
Polyimide 0.11 1400 1300 23-56 - 27-158
Sio, 0.5 2200 745 0.5 73 -
HRS 148 [6.9] 2330 712 2.8 129 | 81-128
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Dimensions Value (m)
Length of the InP chip (kp) 3700
Width of the InP chip (Wp) 700
Thickness of the InP chip (;F) 300
SOA active region length ) 750
SOA active region width (W) 26
Depth of the active area in the SOA 3
Length of the silicon substrated) 3900
Width of the silicon substrate (¥¥ 900
Thickness of the silicon substrates{iT 550
Thickness of the Au pad on the InP chip 15

Fig. 6.4 Dimensions of the components in the pgicigascheme (the SOA active region is
circled in the top view).

C) Mesh setup

In Ansoft ePhysics', adaptive meshing is used. In order to increase rteshing
resolution around the SOA active region, a maximmeshing length of 2m is assigned to
the InP surface around SOA active region. For #rmaaining part of the model, automatic
meshing is used to reduce computation time. FlggsBows an example of the meshing used
in this work.

D) Heat source

Electrical current (130 mA) is delivered by the stumode silicon driver to the SOA.
According to Hudgings, Pipe and Ram [6.11], theslgawer that is electrically injected into
the element is almost completely dissipated neaattive region.



120 Hybrid Wafer-Level Packaging for RF-MEMS andt@gectronic Applications

d(l N):Q(Xi)+Qdis (6.1)

In Eq. 6.1,d(l,V) is the electrical power.Q(x)z(gPOegx)Dx is the power lost via
photon emission in the SOA, whePg is the injected optical power agds the model gain
coefficient [6.13].Qqis is the combination of the power dissipated viaveation, vertical
conduction between the active region and the hiekt and longitudinal conduction between
the nearest neighboring elements. Therefore, thénmen heat dissipation in the device at a
given current is reached when the power loss vistqyhemission is assumed to be zero,
which means there is no light is radiating from 8@A. From electrical measurement on
test samples, it has been determined that thetiwieelectrical resistivity of the active
region of the SOA is around 10. Thus the maximum heat dissipation in the system i
estimated to be 170 mW.

Based on the above-mentioned conditions, this mades studied thermally and
thermo-mechanically.

6.2.2 Thermal behavior characterization
A) Heat transfer in the air

In the thermal modeling of the package in Ansofoyfcs™, it is very important to set
up appropriate heat transfer boundary conditiomsrtler to derive this condition, it is first
necessary to understand the mechanism of thera@afér in the air.

There are three mechanisms by which thermal enérgyansported: conduction,
convection and radiation. In a conduction transfieermal energy is transferred through a
stationary medium through the vibratory motion tafras and molecules. Heat conduction in
air is relatively important when the air gap is fime.g. several microns. It happens to a
significant degree over a conduction layer in clpsaimity to a hot device [6.7].

In a convection transfer, thermal energy is tramstethrough a mass movement (such
as a gas or liquid) which is flowing around thettgenerating object. In a radiation transfer,
thermal energy is converted into electro-magnediiation which is then absorbed by the
surrounding environment [6.14]. At a low operatingmperature (e.g., <300 °C), a
micro-scale heat transfer by radiation in air isBmhen compared to that by conduction or
convection over a wide range of dimensions [6.@]electronic packaging, radiation effects
are seldom sufficient to cause a noticeable chi®d®]. Therefore, only heat conduction
and convection in air are discussed in the praseudel.

Based on the packaging scheme shown in Fig. 6, iseconducted from the active
area in the SOA in the InP chip through the air @figtance determined by the bump height)
to the silicon substrate. It can be approximateddpto have a heat conduction coefficient
hcond

k..
=-ar 6.2
hcond d ( )

wherekairis the air thermal conductivity of 0.027 Wni * [6.18]. In this case, the effective
heat transfer coefficient by air conduction is am@@077 W nf K *.
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Fig. 6.5 Model meshing: (a) over all meshing (sidew of the package), and (b) meshing
around the SOA active region.

The heat transfer by convection is given by:

Q=heonA(T-Tam), (6.3)

where thehg,, is the convective heat transfer coefficient aads the area. The average
convective heat transfer coefficient is given by:

h — kair Nu

conv )
L

(6.4)

wherelL is the characteristic length ahtli is Nusselt number. In Eqg. 6.4, the bar above the
guantities signifies an average value. The Nussathber is related to Rayleigh number,
which is the product of the Grashof and Prandtl inem

Ra= Gr,Pr (6.5)
The Grashof numbeGr, is given by:

3
Gr = L g Xb/;(ZT - Tamb)

(6.6)
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whereg is gravity, is the density of the fluid, is the thermal expansion coefficientis the
dynamic viscosity, and is the kinematics viscosity. The Prandtl numbeagiven by:

c,on
Pr=—rt—,
K.

air

(6.7)

wherec, is the fluid specific heat.

According to the dimensions listed in Fig. 6.4, #eerage convective heat transfer
coefficient is estimated to be 41 W™,

B) Thermal behavior vs. bump count

The designed packaging solution should be ablemdwct as much heat flux as possible
to the heat sink. This heat flux conductegd,is governed by Fourier’s law:

g, =- kAL 6.8)

n’
wherek is the thermal conductivityA is the cross-sectional area of the conduction, Jaih
the temperature, amdis the conduction distance [6.19].

It can be observed from Eq. 6.8 that the heat fisixboth proportional to the
cross-sectional area and conductivity of the cotidagath, and it is inversely proportional
to the heat travel distance. These factors, acegridi Fourier's law, that influence the heat
flux conducted to the heat sink, relate to the pgekelements in the package fabrication. In
the package design, some factors directly influgaheeheat travel distance to the heat sink,
such as the silicon carrier thickness, bump heitita,dielectric layer thickness (under the
transmission lines on the silicon carrier), etcm8dactors dominate the cross-sectional area
of the conduction path, such as the bumps diamletenp count, etc. In the author's FEM
study on the designed package approach, all oktfestors were extensively studied. It
would be lengthy to describe all of these resultsthis chapter, therefore only some
examples are given here, namely the bump counbang diameter.

A major portion of the heat generated passes tlirtheg bumps into the silicon substrate.
The bump count determines the cross-sectionaladrdee heat path from the hot SOA active
region to the heat sink. According to Eqg. 6.8, thanp count is one of the key factors
influencing the thermal performance of the SOA.téad of a single bump on the
ground-signal-ground transmission line solutionfr&xbumps on the transmission lines
increase the cross-sectional area of the heat ctindupath and increase the heat flux
conducted, and thus help to reduce the temperatutiee SOA.

In order to avoid an electrical parasitic effedrdduced by the additional bumps, the
extra bumps are all placed on the ground of thestrassion lines (see Fig. 6.6). In this case,
the ambient temperature is set to 27 °C, and ortare® pairs of bumps (named 2+1, 4+1
and 6+1, respectively) are evaluated. Here, thepbdimmeter is 50 m, the bump height is
10 m, and the dielectric layer on the silicon substrég& 1- m silicon dioxide. The
simulation results are shown in Fig. 6.7, whiclthis temperature distribution on the vertical
cross-sectional plane across the SOA active regind,are plotted in Fig. 6.8, which is the
temperature distribution along the SOA length dicgcon the InP chip surface (SOA side).
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Fig. 6.6 The thermal performance of the MCM paekaglution was studied for the case in
which extra bumps are placed on the grounds ofrdmesmission lines: a) single bump (2+1),
b) two pairs of bumps (4+1), c) three bumps (6+f)tlee ground.
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Fig. 6.7 Simulation results of the MCM packagenperature distribution vs. different bump
counts (the temperature scale for all three casdbhé same).
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Fig. 6.8 Temperature distribution vs. differentijucounts.

From Fig. 6.7, it can be seen that the highest &atpre is found in the SOA active
region, which decreases with an increase in thepbemant. This can be seen more clearly in
Fig. 6.8. From Fig. 6.8, it is also found out thia high temperature is concentrated in the
SOA active region. Because of the limited therm@iductivity, the heat generated in the
SOA active region is not easily spread out overlttie surface and, instead, a localized hot
spot is formed. It is furthermore clear from Fig8 6hat there are three dimples (A, B and C)
on the curves, especially on the “bump 2+1"” cuiMeose are the close-to-bump locations.
Spot B is close to the signal bump, and A and Ccdwee to the ground bumps. These
dimples are not visible on the curves of “bump 4ahd “bump 6+1". This may suggest that
a uniform temperature distribution in the SOA aetiegion can be achieved by additional
bumps.

C) Thermal behavior vs. bump height

With fixing the bump counts at “6+1”, the influenoéthe bump height over the thermal
performance of the package was also studied. B ghidy, the ambient temperature was
27 °C; the bump diameter was 5f; oxide thickness was Im. Similar to the previous
study on the bump count, the simulation results sttewn in Fig. 6.9, which is the
temperature distribution on the vertical crossiseat plane across the SOA active region,
and are plotted in Fig. 6.10, which is the temperatdistribution along the SOA length
direction on the InP chip surface (SOA side).
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Fig. 6.9 Simulation results of the MCM packagenperature distribution vs. different bump
height (the temperature scale of all the three sas¢he same).
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Fig. 6.10 Temperature distribution vs. differennip heights.

Fig. 6.9 shows that the temperature of the SOAvactiegion decreases with the
decreasing bump height. According to Eq. 6.8, that flux conducted from the SOA active
region through the bumps to the silicon carrier dahdn to the heat sink is inversely
proportional to the conduction distance. In thisegadecreasing the bump height decreases
the conduction distance, so the heat flux increabess, the temperature in the SOA active
region decreases. This can be seen more cleartyFig. 6.10. Fig. 6.10 also shows that the
contribution of the bump height difference to teenperature drop in the SOA active region
is not as significant as the bump count shown ig. 6i8. This is because the entire
conduction path is composed of the bump, transonisines, a dielectric layer and the
silicon carrier. The bump height is only a smadiction of the entire path. This result was
expected.

Similar to the simulation method described here, bump diameter, bump material
composition, dielectric layer thickness, dielectmaterial, silicon carrier thickness, package
thermal stability against ambient temperature cbamgc. were also studied. Some of the
simulations were validated by experiment, whicH b discussed in the following sections.

6.2.3 Thermo-mechanical behavior characterization

In the analyzed system, during operation, the S@Ahe InP chip is heated up by the
driving current and expands. This expansion istéchby the solder bumps (different CTES)
connecting the InP chip to the HRS platform. The thip and the bumps, thus, experience
stress. This may cause either the bumps or thechip to fail. In this section, the
characterization of the thermo-mechanical behawbrthe proposed MCM package is
presented with special focus on the thermal saedise interface between the bumps and the
InP chip. All the parameters simulated in the tharimehavior FEM were applied to the
thermo-mechanical study. Here, only some FEM example discussed, namely the bump
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count and bump height. In this work, similarly tiner research groups [6.19, 6.20], the von
Mises stress was studied.

A) Thermal stress vs. bump count

Increasing the bump count increases the bump am@ected to the InP chip. This helps
to decrease the stress on each bump and improwelthkility of the system. On the other
hand, from the previous study, increasing the bumpnt decreases the InP chip surface
temperature around the SOA active region. This atsy decrease the stress on the bumps.

The model used previously for the thermal analg&idifferent bump counts (Fig. 6.6) is
used here for the thermal stress study. The voredMstress on the InP surface around the
SOA active region from each case is shown in Filyl 6The maximum von Mises stress
from each situation is summarized in Fig. 6.12.

From Fig. 6.11, it can be firstly observed that tghest stress is concentrated in the
outer most bumps where the InP chip deforms thet mompared to the other bump
locations. It can also be seen that increasindptimep count decreases the stress level greatly
(this can be seen more clearly in Fig. 6.12). Ramp counts of 5 (4+1) and 7 (6+1), the
stress is not very noticeable at the chip edgeidmtore uniformly distributed within the
bump and the pad area.

B) Thermal stress vs. bump height

During the SOA operation, the InP is heated upthand extended. The InP chip moves
relative to the silicon platform. This movementinstrained by the bumps in between the
two chips. The longer the bumps are, the less m@insthey create for the InP chip. The
bump height is expected to have an impact on thed tef thermal stress.

The von Mises stress on the InP surface arounds@®a active region from the bump
height of 5, 10 and 15m (bump diameter 70m) is shown in Fig. 6.13. The maximum von
Mises stress from each situation is summarizedgn@-14.

Although, the selected bump height range is rdtheted, in Fig. 6.13 and Fig. 6.14 can
be seen that increasing the bump height helps toedse the stress level on the InP chip
surface. In fact, the stress levels from all thbeenp heights are far below the tensile
strength of the solder bump listed in Table 6-lisTinay suggest that all three bump heights
are thermo-mechanically safe in this package. Hewewcreasing the bump height also
increases the length of the heat conduction patt,raduces the SOA cooling efficiency
(refer to previous discussion). Therefore, a burajglit of 5 or 10 m is a better choic for
this application.
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Fig. 6.11 Von Mises stress on the InP surface radoilne SOA active region: (a) bump 2+1,
(b) bump 4+1 and (c) bump 6+1.
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Fig. 6.12 Influence of the bump count on the marinron Mises stress.

From both studies described above and consideringther studies, it has been
determined that the geometry of the package elesriafiuences the thermal stress level of
the MCM package. However, not all the FEM resulteve strong evidence that the stress
level under the FEM condition would significantijmpact the reliability of either the InP
chip or the bumps. On the other hand, due to eqeiprimitations, the thermal stress FEM
results were not experimentally validated.

Based on the thermal and thermo-mechanical FEMItsgsalmost all the process
modules are optimized, both in terms of geometrg amterials. Some of the process
modules are listed in Table 6-II.

Table 6-Il Some of the package elements optimigied) FEM.

Solder bump Dielectric layer

Material Height Diameter Count Material | Thickness
(. m) (m) ( m)
Au 5 70 6+1 e} 05

The thermal FEM results were validated by an om-chicro-hotplate and temperature
sensor measurements. The design, fabrication anédsurement of the on-chip
micro-hotplate and temperature sensors are prasénthe next section.
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Fig. 6.13 Von Mises stress on the InP surface agoihe SOA active region: (a) bump height
5 m, (b) 10 m, and (c) 15m.
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Fig. 6.14 Influence of the bump height on the maxn von Mises stress.

6.3 Experimental Validation

For the validation of the simulation results, a doyn structure containing a
micro-hotplate and an array of temperature sens@s designed and fabricated. The
micro-hotplate is an on-chip resistor, which cacalty heat up the substrate by driving in a
DC current. In this study, the micro-hotplate wasdiinstead of the SOA active region to
heat up the chip. The on-chip temperature sensers designed to measure the temperature
profile on the dummy chip after the micro-hotplatas turned on.

Different types of temperature sensors can be usedthis purpose, such as a
thermocouple [6.21-6.23], pn-junction-based temijpeeasensor [6.24, 6.25], etc. In this
work, the author used a resistive temperature semsich is relatively easy to fabricate and
calibrate. A resistive temperature sensor exhilitshange in electrical resistance with a
change in its temperature. In our measurement sétepchip containing a micro-hotplate
and 13 resistive temperature sensors (both madepsEd polysilicon) was flip-chip bonded
onto a silicon carrier. The silicon carrier wasrtheire-bonded onto a measurement PCB
(see Fig. 6.15). This setup was first calibrated itemperature-controlled oven in order to
generate a calibration plot of electrical resistamath respect to temperature. Electrical
power was then delivered to the micro-hotplate.nBsasuring the electrical resistance, the
system temperature profile was read out accordintpe resistance-temperature calibration
plot.
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Fig. 6.15 Schematic of the measurement setupligat@ the simulation results.

6.3.1 Resistive temperature sensor design

One common way to measure temperature is by usiegistive temperature sensor or
resistive temperature detectors (RTDs). These ralatttemperature instruments provide
highly accurate temperature readings: simple im@ddRTDs used within a manufacturing
process are accurate#0.1 °C [6.26].

The resistive temperature sensor is based on tteHat the electrical resistance of a
conductor is dependent upon collisional process#snithe material. The resistance can be
expected to increase with temperature since thellebe more collisions. An intuitive
approach to temperature dependence leads one &mtexdractional change in resistance,
which is proportional to the temperature change:

D—:IaDT or ﬂza(T- To) (6.9)

where is the temperature coefficient of resistance (T.CR)e TCR can be positive (the
resistance increases with a rise in temperatur@egative (the resistance decreases with a
rise in temperature). Based on Eq 6.9, if the taste change with respect to the resistance
at the reference temperature can be accuratelyureghdhe temperature change can thus be
derived.

In the resistive sensor design, phosphorus-dopaificon is used for the sensor. With
doped polysilicon, the resistance of the sensorbmaeasily tuned by changing the doping
level. Meanwhile, together with the aluminum cona&ds, the fabrication of the sensor can
be realized using a standard CMOS process.

In order to achieve the temperature distributiontlos surface of the flip-chip bonded
chip stack, 13 temperature sensors, including oiseoAnotplate, are designed onto a silicon
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chip. The micro-hotplate is designed to have thmesdimension as the SOA active region,
and it is placed at the same location as the SOthemnP chip. The temperature sensors are
distributed evenly in the x and y direction on timé&cro-hotplate with a fixed spacing of
400 um. A four-probe resistance measurement wagrdss for the temperature sensor. Part
of the layout design is illustrated in Fig. 6.16.

It is worth mentioning that the contact pads oftesensor are designed to have the same
distance to the micro-hotplate, in order to avoigraperature gradient on the sensor during
measurement. The contact pads are the materidd sfgoolysilicon and aluminum. When
these polysilicon/aluminum junctions are exposedattemperature gradient, due to the
Seeback effect, voltage is generated when the isaposed. The generated voltage may
affect the accuracy of the measurement.

Fig. 6.16 Layout design of the micro-hotplatetie tniddle of the temperature sensor array.

6.3.2 Fabrication process flow

The schematic fabrication process flow is showrFig. 6.17. The fabrication started
with 100-mm silicon wafers. First, a 0.5 pum PEC\licen oxide layer is deposited on the
front side of the wafer. A 500-nm low-stress pdlgsin layer is then deposited on the wafer
using LPCVD at 570 °C. The designed polysiliconctieal resistance is achieved by
phosphorous deposition and drive-in at 950 °C. iAtite oxide stripping, the polysilicon is
patterned and etched by wet etching to form the@snand the micro-hotplate. Afterwards,
a 300-nm aluminium layer is sputtered onto the wadfeorder to prevent aluminium surface
oxidation, Ti/TiN is sputtered onto the aluminiurayér immediately without breaking
vacuum. Next, the AI/TI/TIN stack is patterned asithed by plasma etch to form the
contact pads. In this step, the etching endpoiteatien is carefully adjusted to prevent too
much polysilicon loss. After the final alloying ptethe front-end process of the validation
chips is finished (see Fig. 6.18).
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Fig. 6.17 Schematic process flow for fabricating temperature sensors.
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(@)

(b)
Fig. 6.18 Temperature sensor after the front-erat@ss: (a) the temperature sensor, and (b)
the magnified contact pads.

The back-end process starts with a Ti/TiN/Au sesgeil stack being sputtered onto the
front side of the wafer. A 15-um thick photores($tZ4562) is used to form the bump
plating mould. Au bumps with a diameter of 5@ are then formed in the mould by
electroplating (see Chapter 3). After the photatestripping and Au seed layer removal, the
wafer is diced and is ready for bonding (see Fig9% The designated bump dimensions are:
diameter 70 m, height 5 m (see Table 6-11). Due to the ultrasonic bondimgcpss used,
the plated gold bump is partly deformed after bogdi
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(@)

(b)
Fig. 6.19 SEM micrographs of: (a) the micro-hotplaand part of the temperature array,
and (b) details of the temperature sensor.

Based on the FEM optimization results (see Tablg, 6the silicon carrier is also
fabricated. The process starts with a 0ns PECVD silicon oxide deposition at 400 °C. The
bonding pads and electrical connections on theiezachip are made by sputtering and
etching a 2-um Au layer.
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The sensor chip is flip-chip bonded onto the carcldp by ultrasonic bonding using a
Toray FC2000 bonder. During the bonding process htad and the table temperatures are
kept at 100 °C and 23 °C, respectively. The ultnasérequency is set at 60 kHz and the
bonding force of 25 N (~0.48 N/bump) is used. Assrgection of the ultrasonic bond is
shown in Fig. 6.20.

Au bump

Fig. 6.20 Cross-sectional picture of the ultrasphond using a gold bump. Resulting bump
dimensions: diameter 74.9n, height 4.8 m.

The bonded chip stack is firstly glued to a PCBwtrich metal-filled through holes are
thermally connected to the metal plates on bothassif the PCB with a thermal conductive
glue. The chip stack is electrically connectedtie PCB by 30-um Al bond wires (see
Fig. 6.21). The temperature sensors and the mictpldte are now ready for further testing.

6.3.3 Temperature sensor calibration

The main purpose of this step is to generate ateggie vs. temperature look-up table or
a calibration plot which shows the electrical rizsise change with respect to the ambient
temperature change. In the actual temperaturerggnseasurement, after the micro-hotplate
is switched on, the temperature on the sensorrmsibshevitably changes, which changes the
resistance reading of the sensors. By referring rtee sensor resistance back to the
calibration plot generated in this step, the terapge change produced by the
micro-hotplate can be derived.
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Fig. 6.21 The calibration of the temperature sease carried out in a computer-controlled
oven. The PCB with the chip stack is glued ontoetahblock with a Pt100 taking the
reference temperature.

Fig. 6.22 Another metal block (with a recess & back) is capped onto the bottom metal
block to provide a stable temperature environmemirdy calibration.

The calibration step is essential for future terap@e sensor measurements. In order to
have accurate calibration results, the calibrattbrthe temperature sensors is done in a
computer-controlled oven. The PCB with the flipgchonded chip stack is glued to an
aluminium measurement block. In order to obtaireacurate temperature on the chip stack
during the calibration, Pt100 is inserted into &ha the metal block right beneath the chip
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stack. All the wires are led from the oven throughole in the oven sidewall to the
measurement setup outside the oven (see Fig. @Rl)ng calibration, another piece of
aluminium block is capped on the PCB in order teate a relatively stable temperature
environment for the chip stack (see Fig. 6.22).

In the calibration of the sensors, two sets of HdtaPackard 34901A (20-channel
multiplexers) are used to readout the sensor @attesistance. LabVIEW is used to collect
the data automatically.

In the calibration work, the temperature of theroigincreased from room temperature
to 160 °C, and decreased to room temperature addia. calibration results, electrical
resistance vs. temperature, from all 13 temperageresors are plotted in Fig. 6.23. Quite
good linearity can be observed between resistanddeamperature. Furthermore, it can also
be calculated from Fig.6.23 that the temperatupefficient of the resistance of
phosphorous-doped polysilicon is around 7.38%10™.

Fig. 6.23 The electrical resistance vs. tempemtoalibration measurements from all the
temperature sensors.

6.3.4 Measurement results

In order to evaluate the thermal simulation, défar current levels, i.e., 10, 12 and
13 mA, which are equivalent to 110, 160 and 190 rak¥, driven into the micro-hotplate in
the measurement chip stack, which is still attactvedhe metal block being used as a heat
sink, at room temperature. Referring back to theasuement results (resistance) in
Fig. 6.23, the temperature profile on the surfaéehe chip stack perpendicular to the
micro-hotplate (refer to Fig. 6.16) can be genetaed compared with the simulation results
(the “bump 4+1" situation: see Fig. 6.24).

Fig. 6.24 suggests that the simulated thermal lprafin the chip stack match well with
the validation results. The highest temperaturgeéntified at the SOA active region (the
micro-hotplate). Some small deviations may possilalsne from the error in the final bump
dimension, the resistance-to-temperature conversgep, and some measurement
uncertainty. Due to the limited number of sensarsthee chip, a better temperature profile
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resolution cannot be achieved. However, it can Xgeeted that with such a measurement
setup, the temperature rise in the micro-hotplatggon should not be as significant as what
was found in the simulation. This is because thes@es themselves are also good thermal
conductors, even though some heat would dissipate the sensors by convection.

,,,,,,,,,,,,,,,,,,,,,,,,,, 4.0, o
— Simulation
® 10 mA
Al2mA [T L
® 13 mA

Temperature (C)

20
rav)
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Distance to the SOA active region (mm)

Fig. 6.24 Comparison of simulation and measurement

It would be time-consuming to validate all the FEd4ults due to the time limit. Within
the author’s work, only one of the FEM results watidate by the experiment. However,
from this experiment, it is already evident thajed agreement has been achieved between
the simulation and the experiment. It might be dafessume all the other FEM results,
which are built on the same model, are accurateigiméo describe the thermal behavior of
this packaging solution.

6.4 Conclusions

In this chapter, the initial study on thermal ardkermo-mechanical aspects of a
SiP-based optoelectronic package was presented FEEhmodel representing the relevant
part of the package structure was built and extenshermal and thermo-mechanical
simulations were carried out. The gold bumps (iteeir geometry and count) used to
flip-chip the SOA to the silicon platform represethe main optimizing parameter. The
simulation results show that by increasing the buwopnt and decreasing their height, a
sufficiently low thermal resistance between the S&zfive region and the heat sink can be
realized.

The selected FEM results were validated by desggnfabricating and measuring
flip-chip bonded micro-hotplate and resistive tengpere sensor (phosphorus-doped
polysilicon) arrays. These temperature sensors gfond temperature-to-resistance linearity
during calibration. By driving DC current into tmeicro-hotplate and converting the sensor
electrical resistance into temperature, the thesimallation on a SiP-based optoelectronic
packaging scheme was validated.
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Chapter 7

CONCLUSIONS AND OUTLOOK

7.1 Conclusions

The concept of hybrid wafer-level packaging based a combination of various
substrates at the wafer level and chips originaftiom various processes at the die-to-wafer
level, as presented in this thesis, is expecteddoan enabling technology for future
generations of electronic, (RF-)MEMS and optoetattr systems. The availability of such
highly integrated systems in a single package gvihtly facilitate the design process of end
devices while providing provide small size, low t@nd increased reliability.

In the first part of this thesis, the developmehs@veral processing modules extending
the toolkit of electronic packaging techniques, eymDRIE, TSV, electroplating and
adhesive wafer-level bonding, is presented. In skeond part, which is dedicated to
RF-MEMS and optoelectronic applications, some rfg\aspects such as RF performance,
thermal and thermo-mechanical characteristics tacies!

7.1.1 Fabrication techniques

The main conclusions that can be drawn from thesidgment and characterization of
various fabrication techniques required for rediora of the proposed hybrid wafer-level
packaging concept are as follows:

With the proposed via-first and via-last fabricatitechniques, small dimension
features (higher aspect ratio), such as TSVs, argkldimension features (lower
aspect ratio), such as cavities, can be formed l&meously without any
nonuniform etch penalties.

Similar to the conventional RIE process, the DRI&cpss exhibits nonuniform etch
effects, such as ARDE, which means the etch raéspect ratio dependent. As the
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etching goes deeper into a silicon substrate, tble &te decreases. However, in
terms of trench etching, the width of the trenchmisch more sensitive to this effect.
Experiments show that the etch depth is similatrfemches with the same width but
different trench lengths.

Via-first is a powerful approach to fabricate thgbesilicon features with huge
aspect-ratio differences, such as TSVs and cayibigscombining DRIE, wafer
lapping and ultrasonic cleaning/breaking. The ath@a of this approach is that it
relaxes the uniformity requirement on the DRIE @sx recipe, making it a
potential solution for forming through-silicon fea¢s with arbitrary aspect ratio
differences. This method, however, has an obviomviack, i.e., it involves
mechanical wafer lapping or a grinding process. Wader lapping process may
affect the mechanical reliability of the wafer diee chipping during or after the
lapping process.

As an alternative approach for fabricating throsglton features with huge

aspect-ratio differences, via-last is free of medte processing, however, it does
require an etch-stop layer at the backside of taéemv An Al layer shows much

higher etch selectivity to silicon than silicon xige. Furthermore, it does not
produce notching at the silicon-to-oxide interfatherefore, it is possible to use an
Al etch-stop layer to form through-silicon featur@gth extreme aspect ratio

differences as well. The advantage of this appréstiat the mechanical reliability

of the wafer is not affected. The disadvantage hi$ technique is that Al is

sputtered from the bottom of the TSVs onto thewdlls. When the Al structure is

present on the surface of the wafer, removing puttsred Al from the sidewall of

the TSV and the remaining Al etch-stop layer catricgy.

The cavities formed simultaneously with the TSVa ba used for additional chip
insertion and WLP alignment windows.

By optimizing the electrical current density, Cundze filled into the TSVs without
seams, thus forming reliable front-to-back intemactions. The optimum density
found is 30 mA/crh The resulting front-to-back electrical resistvis 2.61  cm.

With an electrical current density of 120 mAfcboth Au (at 60 °C) and Sn (at
55 °C) can be electroplated successfully. The AutBickness ratio at 1.5:1

achieved Au80Sn20 solder bumps of the proper coitiposvhich are suitable for

solder reflow. Reflow at 300 °C allows the AuSn tpatio be bonded with another
substrate. The measured electrical resistivity8® 1 cm, and the bond tensile
strength is 36.4 MPa.

With the stencil process, Electrically Conductivedhisives (ECAS), either
Anisotropic Conductive Adhesive (ACA) or Isotropgionductive Adhesive (ICA),
can be applied onto the bumps. The ECA is cureal rflatively low temperature
(<150 °C), and thus, low thermal budget bonding barestablished between two
substrates.

The electrical resistivity of the ECA (CE3103 WLdgcreases with an increase in
the curing temperature. It falls into the micromohange at around 110 °C. The
electrical resistivity of the ECA can be decreasedher by applying pressure

during curing. The bond strength of the cured EG&éases with an increase in the
curing temperature. The largest bond strength ®B6A, 4.15 MPa, in this thesis,

was achieved at 150 °C.
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The two-step SU-8 wafer-level adhesive bonding @ssccan be used for MEMS
device packaging. The largest bond strength of P& was achieved at 105 °C.
The bond strength is independent of the SU-8 spaamess.

7.1.2 Applications

In the second part of this thesis, two specificligpfions, namely RF-MEMS device
packaging and optoelectronics packaging, are aedlytn the proposed RF-MEMS device
packaging, a through-silicon interconnect and AuBummps are formed infon the
high-resistivity silicon capping substrate usingIBRcopper and Au/Sn electroplating. This
capping substrate is then aligned and bonded detadvice substrate using an ECA. In the
optoelectronic package, an InP optical amplifieBi@e receiver and a silicon driver chip are
flip-chip bonded onto a common silicon carrier gsisolder bumps, thus making a
multi-chip module.

The main conclusions from this part are:

Through EM simulations, it was found that the pagkéosses will decrease when
the capping substrate resistivity increases, itktiess decreases, the TSV diameter
increases, the CPW spacing increases, and the beigipt increases.

The RF measurement in 10 GHz range on the same Ré&fove and after being
capped indicates that the proposed packaging steutias an acceptable degree of
influence on the RF performances of capped MEMScdsv For instance, due to
the capping, the reflection parameter measured 5858 m long CPW increases
by 9.24 dB at 10 GHz, while the transmission patamaecreases by 0.11 dB.

When an InP chip is flip-chip bonded onto the siticcarrier using solder bumps,

the silicon carrier acts as the heat sink of thérempackage. The bump geometry
and count play important roles in reducing the terature in the InP chip active

region when in operation. The InP chip temperatigereases when the number of
bumps increases, their height decreases, anddibeneter increases.

The CTE mismatch among all the different materialsthe package produces
thermal stress. By adjusting the solder bump caeunct the geometry, the thermal
stress in the package can be tuned. By increabiegptimp count and the bump
height, the stress decreases.

7.2 Outlook

Electronic packaging is a multidisciplinary fieldhigh is becoming the enabling
technology of further system integration and muniggation. The topics studied in this thesis
cover only a very limited scope of wafer-level paging. From the work performed in this
thesis, the author recommends the following tofiidse continued:

Ultrasonic break-off is a very powerful approacht mmly for forming cavities
together with TSV, but it might also be useful foe singulation of arbitrary-shaped
chips that cannot be diced using a conventionahgiprocess. This technique
should be further studied focusing on the conngdbiridge fracture properties with
respect to chip size, chip thickness, connectimglerwidth, shape, etc.

In this thesis, two approaches to fabricating T®Wd cavities simultaneously are
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presented. The fabricated cavities are designethéomsertion of additional chips.

The cavity edges can be used for the chip alignmEmgrefore, the cavity pattern

transfer accuracy should be studied. The factasdbtermine the pattern transfer
accuracy stem from many aspects, such as photgidapby processes, DRIE

parameters, and the dicing profile of the inserthip.

The RF-MEMS packaging solution presented in thiskadpes not involve vacuum

hermetic sealing. This can easily be implementefabyicating an Au/Sn hermetic
sealing ring around the edge of the capping sulestBuch a metal ring might have
an impact on the RF performance of sealed RF-MEMSicds. Further RF

simulations and measurements are required to shislissue.
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Summary

The current trend in electronic packaging resear¢h integrate more functions into one
package, reduce electrical path parasitic, anceas® the heat conduction in order to make
the final packaged system smaller, more reliablgsenfiunctional and more complete, while
keeping the packaging cost low. In this trend, mvemtional devices (such as MEMS and
optoelectronic devices) and various substrate niadgefe.g., InP, GaAs, etc.) are integrated
into a single package together with conventionitmi-based ICs. The resulting novel
packages are produced by both wafer-level batcbegses as well as many multichip 2D/3D
serial assembly processes. Therefore a completidnal unit can be built in a single
package. This feature is particularly valuable frace-constrained environments such as
mobile phones, as it increases the packaging effigi while decreasing complexity of the
PCB and overall design. In this thesis, the develnt of wafer-level fabrication processes
and supplemental techniques for applications irridylvafer-level packaging for MEMS and
optoelectronic devices is presented. Hybrid wadeel packaging makes it possible to
integrate a variety of dies (i.e., silicon IC, MEM&ptoelectronic) into one final package,
while using potentially economical wafer-level bafrocessing.

Chapter 1 introduces the concept of hybrid wafeellepackaging and the research
trends in relation to MEMS and optoelectronic pajikg. The scope and outline of this
thesis work is also outlined.

In Chapter 2, the development of the through-silie@ (TSV) fabrication process using
deep reactive ion etching process is presentest, flire Bosch process is characterized with
emphasis on overcoming the non-uniform etching c&dfesuch as ARDE, to fabricate
simultaneously through-silicon features with a é&am@spect ratio difference. Via-first and
via-last fabrication methods were developed. Tleefivst approach involves wafer backside
lapping and ultrasonic break off, while in the laat approach an Al etch stop layer is used.
Both methods are demonstrated by forming B0-diameter through-silicon vias and
2 x 5 mnf cavities. The cavities can be used for the aligrtraed insertion of additional IC
dies.

Chapter 3 presents the development of copper efdating for TSV filling and gold
and tin plating for fabricating solder bumps. Th&VT filling with copper forms a
low-resistivity through-silicon interconnect whi@nables hybrid (RF-)MEMS wafer-level
packaging. Cu-filled TSVs with a diameter of lekart 50 um and an aspect ratio of more
than 5 : 1 are successfully demonstrated. The dpedl processing module is based on Cu
electroplating in two steps in combination withteemical-mechanical polishing (CMP). In
the first electroplating step, which is performedthe wafer front side, a copper plug in the
via and front-side copper structures in a photstesold are formed. In the second step, the
wafer is turned back side up and the TSVs aredfille a bottom-up approach. The
overplating features that only occur on the watarkbside are then removed in a CMP step.

In the Au and Sn electroplating, the aiming appimais bump fabrication. Sequential
Au/Sn plating in a resist mold on an Au/Cr seedésiltn layer was successfully used for
Au80Sn20 solder-bump formation. Using reflow at 300 the AuSn bumps were bonded to
another substrate. An electrical resistivity of 189cm, and a bonding tensile strength of
36.4 MPa were measured.
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Chapter 4 presents adhesive wafer-level bondingdckaging applications with a focus
on electrically conductive adhesives (ECA). An EBAvasically an epoxy filled with metal
flakes, such as Ag. Depending on the metal flakecentration, an ECA can further
classified as an ACA (anisotropic conductive adiesiow metal flake concentration), and
an ICA (isotropic conductive adhesive, high metaké concentration). In this chapter, the
electrical resistivity of the ECA (CE3103 WLV) wittespect to the curing temperature and
bonding pressure is studied.

Chapter 5 describes a novel hybrid wafer-level pgokg solution that is applicable to
RF-MEMS devices and is based on the fabricatiomrtiegies described in the previous
chapters of this thesis. In this packaging concepapping HRS substrate with copper-filled
through-silicon vias and pre-etched cavities isemdével bonded to an RF-MEMS device
wafer using an electrically conducted adhesive.sTRF-MEMS packaging solution
minimizes the packaging design effort in the RF-ME&Rlevice design and fabrication while
keeping the packaging cost low. An important asmddhis package is the possibility to
include through-substrate cavities for aligned iitise of control ICs on the die-to-wafer
level making it a hybrid WLP solution. Furthermorhe applied adhesive wafer-level
bonding provides a low thermal budget and feweingént requirements on the surface
quality, which might be attractive in many applioas.

Next to the fabrication process development, tHispter also focuses on design
optimization and RF characterization. The Ansoft33Ffull 3D EM simulation tool was
used to predict and optimize the RF behavior of awkpged system. The electrical
measurement data obtained from packaged CPWs araiging (i.e., insertion loss of
0.11 dB at 10 GHz).

Chapter 6 presents the initial study on thermal Hmmo-mechanical aspects of a
SiP-based optoelectronic package to be used inptinab network unit. A finite-element
model representing the relevant parts of the pazkstgucture was built and extensive
thermal and thermo-mechanical simulations wereiadrout. The gold bumps (i.e., their
geometry and count) used to flip-chip the InP @ttcansceiver chip to the silicon platform
represent the main optimizing parameter. The sitimaesults show that by increasing the
bump count and decreasing the height, a suffigidatl thermal resistance between the SOA
active region and the heat sink can be realize@. FIEM thermal simulation results were
validated by designing, fabricating and measuritig-dhip bonded micro-hotplate and
resistive temperature sensor (phosphorus-dopedipobn) arrays.
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Samenvatting

De huidige trend in onderzoek naar elektronica akkmgen is het integreren van
meerdere functies in één verpakking, het vermindevan paraciteiten in elektrische
verbindingen en het verbeteren van de warmtegelgidDit maakt het systeem Kkleiner,
betrouwbaarder, functioneler, completer en verkleia verpakkingskosten. Binnen deze
onderzoekstrend worden niet-conventionele circ(@tsals MEMS en opto-elektronica) en
verschillende substraatmaterialen (bijvoorbeeld, I@As, etc.) binnen één verpakking
geintegreerd met conventionele Si-gebaseerde I0&. nieuwe verpakkingen worden
geproduceerd met zowel wafer batchprocessen alsversthillende multi-chip 2D/3D
serie-assamblageprocessen. Hiermee kan een confpieetionerende eenheid worden
gemaakt binnen één enkele verpakking. Met name sgstemen waarin ruimte beperkt is,
zoals mobiele telefoons, is deze eigenschap vananfel het verhoogt de
verpakkingsefficiéntie en vermindert de algehelmptexiteit van het ontwerp en PCB. Dit
proefschrift presenteert de ontwikkeling van fahgeprocessen en aanvullende technieken
voor toepassingen in hybride verpakkingen voor ME&ASOpto-elektronica op waferniveau.
Hybride verpakkingen maken het mogelijk om verdehile soorten chips (bijvoorbeeld Si
IC’'s, MEMS, opto-elektronica) samen te voegen biméén verpakking en tegelijkertijd de
potentieel economisch aantrekkelijke wafer batcbgssen te gebruiken.

Hoofdstuk 1 introduceert het concept van hybridepakking op waferniveau en de
trends in het onderzoek op het gebied van verpgkkinvoor MEMS en opto-elektronica.
Ook worden in dit hoofdstuk de onderwerpen varpoiefschrift besproken.

In hoofdstuk 2 wordt de ontwikkeling gepresenteead de through-silicon via (TSV)
fabricage techniek met behulp van deep reactiveeiching. Als eerste wordt het ‘Bosch’
proces gekarakteriseerd. Hierbij wordt de nadrukegge op het voorkomen van
niet-uniformiteiten, zoals aspect ratio dependécting (ARDE), om zo structuren met een
groot verschil in breedte-hoogte verhouding telefijjd te etsen door het Si substraat.
Via-eerst en via-laatst fabricagemethoden zijn dkkeld. De via-eerst aanpak omvat
polijsten van de wafer achterkant en het ultrasmiafbreken van structuren. Voor de
via-laatst aanpak wordt een Al etch-stop gebriBkide methoden worden gebruikt voor het
maken van 50 um diameter via’s door het siliciurbsstaat en 2 x 5 mhholten die kunnen
worden gebruikt voor het positioneren of plaatsan andere IC chips.

Hoofdstuk 3 presenteert de ontwikkeling van elek#mositie van koper voor het vullen
van TSV en de elektrodepositie van goud en tin \deofabricage van solder bumps. De TSV
vulling met koper vormt een TSV met een lage wesdtdie een hybride (RF-)MEMS
verpakking op waferniveau mogelijk maakt. Werkemdet koper gevulde TSV’s met een
diameter van 50 pm en een breedte-hoogte verhowdindl:5 worden gedemonstreerd. De
ontwikkelde procesmodule is gebaseerd op elektrmglge in twee stappen in combinatie
met chemical-mechanical polishing (CMP). Bij de ster elektodepositiestap aan de
wafervoorzijde wordt een koperplug gemaakt in de &h worden de koper structuren aan de
voorzijde gemaakt in een mal van fotolak. Bij ded&de stap wordt de wafer omgedraaid en
de TSV’'s gevuld met koper. De overtollige deposdie alleen aan de waferachterzijde
ontstaat wordt tenslotte met CMP verwijderd.

Bij de Au en Sn elektrodepositie is de beoogde dssing de fabricage van solder
bumps. Afwisselende depositie van Au en Sn in detolakmal op een Au/Cr
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nucleatie/adhesielaag werd succesvol toegepast eb maken van Au80Sn20 solder
bumps. Door viloeien bij 300 °C werden de AuSn burgrbonden met een ander substraat.
Een elektrische soortelijke weerstand van 188m en een treksterkte van 36.4 MPa
werden gemeten voor de verbinding.

Hoofdstuk 4 gaat over het adhesief verbinden vaspakkingen op waferniveau. Het
onderzoek is voornamelijk gericht op elektrisch egl¢nde adhesieven (electrically
conductive adhesives, ECA). Een ECA is eigenlijk epoxy gevuld met metaalschilfers,
zoals Ag. Afhankelijk van de schilferconcentratisnkeen ECA worden geclassificeerd als
een ACE (anisotropic conductive adhesive, lage eoimatie metaalschilfers) of een ICA
(isotropic conductive adhesive, hoge concentrag¢aaischilfers). In dit hoofdstuk wordt de
elektrische soortelijke weerstand bestudeerd vaA ECE3103 WLV) als functie van de
uithardingstemperatuur en de verbindingsdruk.

Hoofdstuk 5 beschrijft een nieuwe hybride verpagkap waferniveau die kan worden
toegepast voor RF-MEMS. Deze verpakking is gebdsegr de fabricage technieken
beschreven in de vorige hoofdstukken. In dit vekpadsconcept wordt een HRS substraat
met koper gevulde via’'s en voorgeétste holten vedba met RF-MEMS wafer, middels een
elektrisch geleidend adhesief. Deze RF-MEMS verpakkversimpelt het RF-MEMS
ontwerp en fabricage en houdt tegelijkertijd depedkingskosten laag. Een belangrijk
aspect hierbij is de mogelijkheid tot het maken u#ieparingen door het substraat voor het
positioneren van besturing IC’s op chip-wafer niveit maakt het een hybride wafer level
packaging (WLP) oplossing. Bovendien verlaagt hetbinden met een adhesief het
thermisch budget en vermindert het de eisen aaogperviak, wat interessant kan zijn voor
veel toepassingen.

Naast ontwikkeling van fabricageprocessen richhditfdstuk zich op optimalisatie van
ontwerp en RF karakterisatie. Het ‘Ansoft HFSS 8D EM’ simulatiepakket is gebruikt om
het RF gedrag van een verpakt systeem te voorspeliete optimaliseren. Elektrische
metingen aan verpakte CPW'’s laten bemoedigenddtaitsu zien (bijvoorbeeld 0.11 dB
verlies bij 10 GHz).

Hoofdstuk 6 presenteert een eerste studie van tbemem en thermisch-mechanische
aspecten van een SiP-gebaseerde optoelektronisatpakking voor toepassing in een
optisch netwerk. De belangrijkste onderdelen vam eerpakkingsstructuur werden
gemodelleerd met een eindige-elementen model, \&@aaritgebreide thermische en
thermisch-mechanische simulaties werden gedaan.g@ld bumps (bijvoorbeeld hun
geometrie en aantal) die gebruikt worden voor de-dhip van de InP optische
zender-ontvanger chip op het silicium platform, fk8erbij de parameter die is
geoptimaliseerd. De resultaten laten zien dat tiebwergroten van het aantal gold bumps en
het verkleinen van de hoogte een voldoende lagenteehe weerstand kan worden bereikt
tussen het SOA gebied en de warmte-afvoer. De thehe FEM simulaties werden
gevalideerd door het ontwerpen, fabriceren en \Igeres meten van een middels flip-chip
verbonden micro-verhittingsplaat met resistieve geratuursensoren (fosforgedoteerde
poly-silicium).
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