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Chapter 1  

INTRODUCTION  

 

1.1 Electronic Packaging Technology Development 

For decades, powered by the strong market demand of mobile, handheld, and household 
electronics, integrated circuit (IC) and electronic packaging technologies have been 
developing with enormous speed. The research efforts are mainly directed towards the 
increased function density in a given device or system. Increased function density means that 
more functions can be achieved in a given volume [1.1].  

 

Fig. 1.1  Comparison of the first and one of the most recent IC chips: (left) the first IC 
invented by Jack Kilby in 1958 containing only one transistor and several passive 
components [1.2]; (right) the second generation Intel Core i7 processor, which was released 
in 2010 and built using 32-nm process technology, contains 4 execution cores and about 995 
million transistors [1.5]. 

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

 
Fig. 1.2: Development roadmap of electronic packaging technology [1.6]. 

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

  
The traditional electronic packaging development is closely related to the concept of the 

packaging efficiency, which can be defined as: 

p

c
p A

A
F = , (1.1) 

where Fp is the packaging efficiency, Ac is the chip area, and Ap is the package area [1.7]. In 
the early packaging forms, the IC chip itself represented only a small fraction of the total 
package; for instance, the packaging efficiency of dual-inline packages can be as low as 
1 to 3 % [1.7]. In the modern package types, e.g., chip-scale packages (CSPs), the packaging 
efficiency has increased to more than 60-80 %. Thus, the relative package size has 
significantly been reduced. CSPs are defined as packages that are less than 1.2 times the size 
of the chip. More recently the acronym CSP has been redefined as a chip size package 
inferring a 1 : 1 relationship between the chip and the package area. CSPs offer a smaller 
footprint, lower interconnect parasitics (which are increasingly important at high 
frequencies), high-speed electrical access to memory and RF components [1.7], and more 
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inputs/outputs (I/Os) per unit area than any ball grid array (BGA) or thin small outline 
package (TSOP) types [1.8]. 

Another important aspect during the course of electronic packaging development has 
been the cost. Since the packaging cost can be as high as 80 % of the total packaged 
component [1.9], packaging cost reduction has been a continuous topic in the packaging 
field. In the modern packaging research, it has been widely accepted that wafer-level 
packaging (WLP) technology is a suitable method to reduce the packaging cost effectively. 
WLP is a true CSP technology, since the resulting package is practically of the same size as a 
die. Furthermore, WLP paves the way for true integration of wafer fab processing, 
packaging, testing, and burning-in, or in other words, for the ultimate streamlining of the 
entire manufacturing process undergone by a semiconductor device from a bare silicon wafer 
to customer shipments. A conceptual schematic process flow of WLP is given in Fig. 1.3. 

 
 (a) (b) (c) (d) 
Fig. 1.3  A conceptual process flow of a wafer-level package: (a) device substrate 
fabrication; (b) a capping substrate bonded onto the device substrate; (c) electrical test at 
wafer level; (d) device singulation. 

In order to further reduce the package footprint while integrating more functions into the 
final package, a number of IC dies are combined in a single module using the emerging 
System-in-Package (SiP) approach. In a SiP, analog, digital and/or memory IC dies, as well 
as passives can be combined together thus achieving multiple functions in a single electronic 
device. There are countless possibilities for the inter-die interconnects in a SiP. The 
individual dies can be internally connected by bonding them to a common interconnect 
substrate using wire bonding or flip-chip technologies, or they can be vertically stacked on 
top of each other. Therefore a complete functional unit can be built in a single package. This 
feature is particularly valuable in space-constrained environments such as mobile phones, as 
it increases the packaging efficiency and decreases complexity of the PCB and overall 
design. 

With the emergence of new technologies, applications and, more importantly, market 
demands, the packaging technology is no longer limited to the traditional IC packaging. 
Micro-electro-mechanical systems (MEMS), which cover virtually all possible domains (e.g., 
electrical, optical, mechanical, chemical, biomedical, etc.), and their new applications bring 
new challenges to the packaging researchers and engineers. 

1.2 3D MEMS Packaging 

MEMS device packaging, compared to conventional IC packaging, has its own 
challenges. MEMS devices have movable and thus vulnerable parts. In the packaging 
process, the MEMS device has to be, first and foremost, protected so that the movable parts 
are not damaged by either the packaging process or the packaging materials. On the other 
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hand, the fabrication of MEMS device may involve some materials and processes that are not 
IC-compatible. The integration of MEMS devices and standard IC dies (such as the MEMS 
control circuitry) is normally realized in two ways: (a) the MEMS and IC chips are fabricated 
separately on different substrates and in two physically separated process lines; or (b) the IC 
part is fabricated first, and subsequently, after proper protection of the IC part, the MEMS 
part is fabricated onto the same substrate using an IC post-processing module. Due to 
potential contamination issues, the former method is normally preferred. 

The emerging 3D MEMS packaging technology is a promising solution for MEMS 
device packaging because it takes advantage of wafer-level packaging. In 3D MEMS 
packaging the bulk silicon is used as part of the package for through-silicon interconnect. 
There have been numerous 3D MEMS packaging solutions developed by the researchers all 
over the world. The 3D MEMS WLP developed by Silex Microsystems, Sweden, is shown in 
Fig. 1.4 [1.10].  

 

Fig. 1.4   Schematic cross section of a MEMS device wafer-level packaging solution based 
on silicon through-wafer interconnects developed by Silex Microsystems [1.10]. 

In the Silex 3D MEMS WLP solution, the MEMS device is fabricated at the top of a 
silicon substrate. The control of the MEMS device is re-routed to the silicon back side by 
Silex through-silicon vias (electrically insulated low-resistivity silicon, through-silicon vias). 
The MEMS part is protected by a capping substrate with recess using wafer bonding in a 
vacuum. By forming solder bumps or balls at the other end of the through-silicon vias 
(TSVs), the resulting package becomes a surface-mountable package with relatively high 
packaging efficiency. If needed, a CMOS control IC die can be flip-chip mounted inside this 
package, thus resulting in a true SiP. 

The TSVs themselves are fabricated by etching narrow, enclosed trenches (not 
necessarily limited to a circular shape) into a low-resistivity silicon substrate, then filling in 
the insulating dielectric material, and finally by chemical-mechanical polishing (CMP) both 
silicon wafer sides to expose the through-silicon interconnect. The advantage of this solution, 
compared to copper-filled TSVs, is that it does not involve any contamination sources, such 
as copper; since the filling material in the TSV is only silicon, the fabricated chip will not 
suffer from any mechanical stress due to virtually not existing 
coefficient-of-thermal-expansion (CTE) mismatch between the TSVs and the silicon 
substrate. However, due to the relatively higher electrical resistivity of the silicon compared 
to electroplated Cu vias, this approach may have limited use in high frequency MEMS 
applications. 
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Another example of a wafer-level MEMS device packaging solution (this one was 
developed by Roozeboom, et. al., from NXP semiconductors) is shown in Fig. 1.5. In this 
solution, both sides of a passive silicon wafer are used to accommodate additional devices 
(IC or MEMS dies). On the front side of the silicon substrate, the active die, such as the 
control circuitry of the MEMS device, is flip-chip mounted. The MEMS device is flip-chip 
mounted onto the back side of the silicon substrate. These two chips are interconnected by 
copper-filled TSVs. Solder balls are attached to the redistribution contact pads at the back 
side of the silicon substrate. The resulting package is SMT compatible.  

 

 

Fig. 1.5   Schematic view of the MEMS chip-scale packaging solution developed by 
Roozeboom, et al. [1.11]. 

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

1.3 Optoelectronic Packaging 

In order to reduce the cost and size, or increase the functionality or reliability of an 
optoelectronic system, packaging researchers usually look at increased integration to meet 
these needs. This type of integration is usually achieved by combining devices in a common 
assembly that can be tested and packaged as a unit to provide an enhanced level of 
functionality. This approach results in an increased use of multi-chip modules (MCMs) in the 
optoelectronic packaging. One advantage provided by MCMs is a reduction in the number of 
pin-lead-through elements in an electronic assembly. Since an MCM only needs a single 
first-level package, all integrated circuits contained in that package do not have to 
communicate with the other ICs in the package through several pins, as is normally required 
for each electrical interconnection.  

In a high-speed photo-receiver application, Akahori, et al. developed an MCM package 
integrating a single-wave-guide photodiode (WGPD) and a spot-size-converted 
semiconductor optical amplifier (SOA) [1.12] (see Fig. 1.6). In this MCM approach, the dies 
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and the optical fiber are mounted on a common silicon carrier (called a silicon optical 
bench). The silicon carrier contains: a KOH-etched V-groove to facilitate the alignment of a 
single-mode fiber; a device-assembly region, where the spot-size-converted SOA and the 
WGPD are flip-chip bonded; and a wiring region where the high-frequency signals are 
transmitted into the WGPD. The assembly region consists of AuSn solder bumps and a 
solder film. The depth of the V-groove and the height of the solder film are designed to 
match the height of the fiber core and the spot-size-converted SOA after a mechanical 
contact has been established between the SOA and the solder film. In order to achieve the 
wide bandwidth receiver operation, the electronic interconnection between the WGPD and 
the silicon substrate is provided by the AuSn solder bump. The solder bump is formed at the 
end of the coplanar line that is formed on a 0.5 � m SiO2 insulation layer. This structure 
minimizes the parasitic capacitance at the wire on the Si substrate. With this MCM approach, 
using the WGPD and SOA that operated as an optical preamplifier, the photo-receiver shows 
good receiver sensitivity of 20.3 dBm at 10 Gbit/s using non-return-to-zero (NRZ) 
coding [1.12]. 

 
(a) 

 
(b) 

Fig. 1.6  An MCM optoelectronic package integrating a single-waveguide photodiode 
(WGPD) and a spot-size-converted semiconductor optical amplifier: (a) the cross-sectional 
schematic; and (b) a photograph [1.12]. 
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In this example, several challenges of optoelectronic MCM packaging can be illustrated. 
One of the main challenges is the alignment between the optoelectronic chip and the optical 
fiber. The optoelectronic chip, which is a spot-size converted SOA in this case, has to be 
precisely aligned to the optical fiber to provide sufficient transmission efficiency. A popular 
technique that achieves relatively good alignment accuracy involves the self-aligning solder 
bump, which originates from the flip-chip technology developed by IBM [1.13, 1.14]. This 
technique involves fabricating a fusible bump on the IC pad, placing the chip in an inverted 
position (flipped) on matching the bonding pads of the substrate, and finally reflowing the 
solder. Already two decades ago, this technology was applied to optoelectronic components 
to achieve both electrical interconnection and optical alignment [1.15, 1.16]. The fine 
alignment using solder bump is obtained during the solder reflow process, during which the 
surface tension forces pull the chip into the required equilibrium position (see Fig. 1.7). 
Alignment on the order of 1 � m can be achieved by using solder bump reflow. 

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

Another challenge in the optoelectronic packaging is thermal management. Optical and 
optoelectronic components generally require a specific well-defined temperature range for 
proper operation. Secondly, these devices are fabricated on InP or GaAs substrates and are, if 
compared to silicon, much more sensitive to stress-induced degradation. As a result, 
low-stress die attach techniques are essential for optoelectronics [1.18]. Therefore, thorough 
thermo-mechanical modeling of the optoelectronic package assembly using one of the 
commercially available computer-based simulators is recommended [1.1]. 

 

Fig. 1.8  The thermal simulation results from the work of Lorenzen, et. al., for the 
optimization of the packaging design of high-power diode lasers [1.18]. 
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In the development of the high-power diode laser bar (HPDLB), due to the sensitivity of 
the device lifetime and dependency on the operating temperature and mounting stress, 
Lorenzen, et al., analyzed and optimized the package design with respect to thermal and 
thermo-mechanical performances by means of finite-element (FE) simulations. In their 
application, a GaAs diode laser bar is mounted onto a CVD-diamond heat spreader which is 
mounted onto a Cu heat sink. Using thermo-mechanical simulations, the optimum stress 
level of the packaged system is achieved by numerical variation of the spreader thickness. 
FEM calculations of the whole assembly procedure, from mounting CVD-diamond spreader 
onto the Cu heat sink to bonding the bar onto the spreader, were also performed to verify that 
stress levels would not exceed critical values. Through their thermal analysis, the impact of 
the presence of the spreader layer on the thermal resistance was determined. The optimum 
thermal resistance was finally achieved by parametric optimization of the heat spreader 
dimensions. One of the simulation results is shown in Figure 1.8 [1.18].  

1.4 Scope of the Thesis 

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

The goal of this thesis is development of wafer-level fabrication processes and 
supplemental techniques for applications in hybrid wafer-level packaging for MEMS and 
optoelectronic devices. Hybrid wafer-level packaging makes it possible to integrate a variety 
of dies (i.e., silicon IC, MEMS, optoelectronic) into one final package, while potentially 
economical wafer-level batch processing is being used. 

For the MEMS device packaging, as discussed above, the concerns are mainly the 
movable parts of the device, which can hardly be packaged using conventional packaging 
methods. WLP is preferred for potentially reducing the packaging cost. There have been 
many solutions proposed for the MEMS device wafer-level packaging, such as the Silex and 
NXP 3D MEMS WLP solutions discussed above. In this thesis, a new MEMS WLP solution 
is developed and characterized. In this solution, a capping substrate with Cu-filled 
through-silicon interconnect is bonded at the wafer level onto the MEMS substrate. The 
capping substrate has two functions: (a) MEMS device protection; and (b) through-silicon 
interconnect redistribution where the electrical connections of the MEMS device are routed 
to the surface of the capping substrate, thus providing an easy electrical access to the MEMS 
device after packaging. In the capping substrate, optionally a through-silicon window is 
formed to allow for hybrid integration of control-circuitry ICs. In this work, all the required 
processing techniques used to demonstrate the proposed solution are developed and 
characterized. The final package is characterized in terms of bonding quality, DC and RF 
performance.  
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In the optoelectronic packaging application, a hybrid packaging solution for integrating 
an optical network unit (ONU) is studied. The ONU consists of three components, namely an 
optical transceiver fabricated on InP, an amplifier receiver chip fabricated on SiGe, and a 
transmitter burst-mode driver chip fabricated on silicon. The proposed hybrid packaging 
solution is similar to Akahori’s solution, which aims to integrate all the three components on 
a common silicon substrate, and results in a smaller footprint. The core of this work is the 
thermal management of the hybrid package, since the optical transceiver is driven by a high 
DC current and the generated heat flux affecting the gain of the semiconductor optical 
amplifier (SOA) has to be properly addressed. In this work, the process variable related 
thermal and thermo-mechanical behaviors of the proposed package are studied and the 
results are used for optimization of the package design. 

1.5 Thesis Outline 

This thesis is organized into two parts. Part I (Chapters 2, 3 and 4) describes several key 
techniques developed for the proposed hybrid WLP MEMS and optoelectronic packaging. 
Part II (Chapters 5 and 6) presents the MEMS and optoelectronic packaging applications by 
using the techniques discussed in Part I.  

Chapter 2 introduces the fundamentals of deep reactive ion etching (DRIE). Compared 
to conventional RIE processes, the unique feature of DRIE is that DRIE is realized in a 
sequential etch/passivation cycle manner. In this way, high aspect ratio features can be 
fabricated by the DRIE process. Similar to RIE, DRIE also exhibits non-uniform etch effects, 
e.g., aspect ratio dependant etch (ARDE), etc. The main focus of this chapter is on the 
fabrication of TSVs with different aspect ratio using DRIE. In this chapter, the development 
of two different techniques, namely the via-first and via-last approach, is presented.  

Chapter 3 describes electroplating process and its application to TSV filling and solder 
bump forming. Electroplating is a metal additive process that takes place in an electrolyte 
bath with an external power supply. In this chapter, development of electroplating processes 
for two specific applications is discussed in detail, namely TSV filling to form 
through-silicon interconnect by copper plating, and solder bump fabrication by gold/tin 
plating. 

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

In Chapter 5, based on the wafer-level techniques discussed in the previous chapters, a 
WLP solution for RF-MEMS device packaging is demonstrated. In this solution, a 
high-resistivity silicon capping substrate, which contains a copper-filled through-wafer 
interconnect, is bonded onto the RF-MEMS device substrate using isotropically conductive 
adhesive. The electrical properties of the TSVs in the capping substrate are studied and 
optimized using extensive finite-element simulations.  
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Chapter 6 discusses the design of an MCM packaging solution for an optical network 
unit (ONU). This ONU consists of three chips, an InP optical transceiver, a silicon driver, 
and a SiGe receiver. In the proposed MCM packaging solution, all the three chips are 
flip-chip mounted onto a common silicon carrier, with heat sink mounted at the back of the 
silicon carrier. The focus of this chapter is on the chip bonding issues, thermo-mechanical 
design optimization using FEM simulations, and thermal management.  
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PART I: 
FABRICATION TECHNIQUES 
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Chapter 2  

THROUGH-SILICON -VIA FABRICATION 

USING DEEP REACTIVE ION ETCHING  

 

2.1 Introduction  

Driven by the strong demand for modern mobile devices, the main development trend of 
the today’s electronics remains the realization of smaller and more powerful systems. This 
change has triggered the further miniaturization of the electronics system, i.e., integration of 
more devices and more functions in a given volume. Two major approaches are involved in 
the current research and development. Next to the traditional approach based on device 
scaling, the new packaging technologies, such as System-in-Package (SiP) and 3D 
packaging, are becoming more and more important in achieving this goal.  

Three-dimensional (3D) wafer/chip stacking with vertical interconnection using 
through-silicon-via (TSV) technology is potentially the most promising technique for 
semiconductor system integration. In recent years, this technology has attracted the interest 
of packaging engineers, IC circuit designers, and fabrication equipment manufacturers [2.1]. 

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

One of the key technologies enabling 3D integration is TSV fabrication. There are 
various techniques available nowadays for TSV fabrication, e.g., wet chemical etching, 
plasma etching, laser processes, etc. The selection of a particular technique depends 
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primarily on the intended use and the substrate material. Not only are the basic process 
parameters such as via dimensions of importance, but so are the sidewall geometry, 
alignment accuracy, processing compatibility, and throughput. In his comprehensive work 
[2.3], Polyakov compared several available techniques that can be used for TSV fabrication. 
All the analyzed techniques are listed in Table 2-I. 

According to Table 2-I, the TSV fabrication techniques that have the potential for mass 
production are wet chemical etching, powder blasting, laser processing, and plasma etching. 
These were, therefore, analyzed in more detail. Figure 2.1 shows the cross-sectional photos 
of 100 � m diameter TSVs fabricated in a 250 � m thick silicon substrate by powder blasting, 
laser cutting, laser ablation, and deep reactive ion etching (DRIE).  

Table 2-I  Comparison of various techniques for TSV fabrication [2.3]. 

TSV method 
Aspect 
ratio 

Feature size* Roughness 
Potential for mass 

production 
Drilling >10 >300 � m Average No 

Electrical discharge 
machining 

~15 >50 � m Average No 

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

Plasma etch >20 >5 � m Good Yes 
* A substrate thickness of >100 � m is considered. 

The powder blasting was accomplished with ~29 µm Al2O3 particles jetted at an average 
velocity of 90 m/s and with a photosensitive elastomer used as a masking layer. It should be 
mentioned that the aspect ratio of the vias fabricated by the powder blasting technique was 
constrained to ~3. This limits the minimum achievable dimensions of the vias at a given 
substrate thickness (see Fig. 2.1 (a)).  

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

The ablation process relies on a frequency-tripled Nd:YAG laser (hereafter YAG) with a 
wavelength of 355 nm and short focused pulses of very high power density to completely 
evaporate material with a negligible amount of melt. The spot size was as small as 10-30 � m 
with a pulse duration of 30 ns to achieve the power density of 108-1010 W/cm2. Both laser 
processes are maskless; a water-soluble polyvinyl alcohol (PVA) layer deposited on all 
wafers prevents the wafer surface from being contamination by the ejected material (see Fig. 
2.1 (c)). 

Finally, the DRIE was performed in an Alcatel ICP reactor by using the DRIE process. 
Etching was done with SF6 as the reactive gas, with O2 added as a sidewall-passivation 
agent. For via-hole fabrication, 2000 W of power, a substrate temperature of 10 °C, and a 
PECVD oxide masking layer were used (see Fig. 2.1 (d)).  

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

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

 

  
(a)        (b) 

  
 (c)        (d) 

Fig. 2.1  Cross-sectional SEM images showing 100 µm in diameter through-silicon vias 
fabricated by four different techniques in a 250 � m thick silicon substrate: (a) powder 
blasting; (b) laser cutting; (c) laser ablation; (d) DRIE [2.3].  
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2.2 Deep Reactive Ion Etching 

Development of DRIE technology has virtually changed the world of MEMS. The basic 
technology, originally developed at Bosch [2.5, 2.6], overcomes the design restrictions and 
compatibility problems related to the previously mainly used wet-etching technology. The 
Bosch process exhibits a reasonable etch rate and high selectivity to the commonly available 
masking materials (photo resist and/or silicon oxide). The etch rate is independent on the 
silicon substrate crystallographic orientation and has nearly 90o etch profile angle and a 
relatively good sidewall surface quality. 

New applications of DRIE technology, which include a variety of sensors and actuators, 
are usually developed on separate chips for rapidly growing markets of, e.g., accelerometers 
and gyroscopes [2.3], micro-mirror-based projectors, inkjet printers, etc. New markets are 
emerging in wireless communication [2.4] and in health care [2.5]. What is characteristic for 
these new products is the use of silicon DRIE, at first to realize the high aspect ratio features 
within the individual silicon chips and later to create the through-silicon interconnects 
needed to accomplish 3D die stacking in System-in-Package (SiP) devices [2.7]. It is only in 
the 2005 edition of the International Technology Roadmap for Semiconductors [2.8] that this 
heterogeneous integration was recognized as a fully established emerging technology in 
advanced packaging technology. 

2.2.1 DRIE process and equipment 

DRIE (Bosch process) can be briefly described as consisting of sequential etching and 
passivation steps using the appropriate gas chemistry in each step. The process is purely 
fluorine based: as an etching gas, sulphur hexafluoride (SF6) readily delivers fluorine radicals 
after the excitation of gas molecules by electron impact from the plasma. The fluorine 
radicals attack and etch silicon spontaneously without a need for ion assistance, forming 
volatile silicon fluorides such as SiF4. As a passivating gas, fluorocarbons are excited in the 
plasma to build up teflon-like polymer films on the treated silicon wafer. A number of 
fluorocarbons such as CHF3, C2H2F2, C3F6, C4F6, C4F8 and C4F10 were compared for their 
passivating efficiency, toxicity and potential hazards, undesired particle formation in the 
gas-phase, availability, and regulatory restrictions. As a result, under the operating conditions 
typical for the Bosch process, octafluorocyclobutane (C4F8) was found to be the best choice 
[2.6]. This process is briefly illustrated in Fig. 2.2.  

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

Today, in the design of modern DRIE tools, an inductively coupled plasma (ICP) source 
is quite commonly used. Intense plasma with ion concentrations of 1010 to 1011 cm-3 is 
generated by high-power RF coil antennas around a remote ceramic enclosure and then 
diffused into a larger chamber. The silicon substrate is located within this diffusion chamber 
and usually clamped on a bipolar electrostatic chuck that is cooled by backside helium flow 
and/or liquid nitrogen cooling. The chuck can be biased by a low-power LF or RF source 
such that ions from the plasma can be accelerated to the substrate with independent control. 
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Gases enter at the top of the plasma chamber and are pumped away by a high conductance 
pump assembly at the bottom of the diffusion chamber [2.9]. The schematic of the DRIE ICP 
system made by Surface Technology Systems is shown in Fig. 2.4. 

 

 

Fig. 2.2  Illustration of the Bosch process sequence. 

 

 

 

Fig. 2.3  Scallops can be found at the upper part of the 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 of different applications, process 
optimization is quite often needed. In any plasma etch process, there are three major 
phenomena: physical bombardment, chemical etching and chemical deposition. In general, 
more physical bombardment generates a higher etch rate and lower selectivity; more 
chemical etching causes more isotropic etch and higher etch selectivity; more chemical 
deposition leads to more passivation and thus a lower etch rate and a more positively tapered 
etch profile. In DRIE process, the passivation steps, as well as the passivation part in the 
etching step, are dominated by chemical deposition (C4F8). Breaking through the passivation 
layer is controlled by the physical bombardment, which makes the etching continue and 
affects the etch rate and selectivity to the masking layer. The etching part of the recipe is 
mainly chemical etch (SF6), which together with the passivation steps controls the etch rate 
and the lateral dimension of the etched structures, and consequently the critical dimension 
(CD) and the profile angle. Thus, in the DRIE process, the recipe performance (etch rate, 
profile angle, CD, etc.) is sensitive to many process parameters, such as etching time, process 
gas flows, chamber pressure, coil power, bias power, etc.  

A typical DRIE recipe for an STS system is shown in Table 2-II. Since multiple 
iterations are inevitable during the process development, the analysis of the etch results 
becomes essential. In this section, a process development example is discussed briefly. Table 
2-III lists the process parameters used in recipe optimization. 
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In a vertical power MOSFET application, hexagonal islands (trench etching) with 
different sizes (from 1.5 to 8 µm) are etched (see Fig. 2.5). An etching depth of ~36 � m and 
a steep (or slightly positive) profile are required for all the different structures. A 200 mm 
(8 inch) silicon wafer is used as a starting substrate. A 1 � m PECVD SiO2 layer is deposited 
and patterned on the wafers as a hard mask [2.4]. 

 

Table 2-II  A typical DRIE recipe used on an STS etcher. The highlighted part of the table 
identifies the etching step, of which the parameters were varied in the recipe optimization 
(see Table 2-III). 

 
Step 0 Step 1 

Etch Pass Etch Pass 
Time (s) 9 7 9 7 

C4F8 
Flow (sccm) 40 140 40 140 

Ramping (sccm/min) 0 0 0 0 

SF6 
Flow (sccm) 130 0 150 0 

Ramping (sccm/min) 0 0 0 0 

O2 
Flow (sccm) 13 0 15 0 

Ramping (sccm/min) 0 0 0 0 
Cycles 5 140 

RF 

Coil power (W) 900 800 900 800 
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-IIII  Comparison of 4 recipes used in process optimization. 

 
Variations in the “step 1” etching step 

Recipe I Recipe II Recipe III Recipe IV 
Time (s) 9.5 9.5 9 9 

C4F8 
Flow (sccm) 40 50 50 50 

Ramping (sccm/min) 0 0 0 0 

SF6 
Flow (sccm) 130 150 150 130 

Ramping (sccm/min) 0 0 0 0.4 

O2 
Flow (sccm) 15 15 15 13 

Ramping (sccm/min) 0 0 0 0 
 

Fig. 2.6 shows the result of etching recipe I. It can be observed that the 3 � m hexagonal 
trenches are ruined and become ‘silicon grass’. This is due to the negative etching profile 
angle. It is obvious that the profile angle is more critical for structures with smaller lateral 
dimensions. A negative profile angle may result in the masking regions being completely 
undercut and the underlying structures being unprotected and exposed to the plasma. 
Secondly, the ‘silicon grass’ may also be due to insufficient Si/SiO2 selectivity, which results 
in an early etched-away masking layer for the small structures (the hard mask is also etched 
to the sides during etching). Increasing the C4F8 flow during the etch cycle is one of the first 
options to improve the profile angle and Si/SiO2 selectivity.  
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(a)                                       (b) 

Fig. 2.5  Examples of the structures (plain view) to be etched in the vertical power MOSFET 
application: (a) 8 � m; and (b) 1.5 � m hexagonal islands. 

 

Fig. 2.6  A SEM image showing the result of etching recipe I. The 3 � m hexagonal islands are 
completely ruined resulting in ‘silicon grass’. 

As can be observed in Fig. 2.7, recipe II with increased C4F8 flow yields significantly 
improved etch results when the 3 � m features are considered. The thickness of the remaining 
silicon oxide is 0.45 � m, which is sufficient for this process. 

Fig. 2.7 also shows the negative etching profile angle for both structures which may 
result in non-conformal deposition in the subsequent fabrication steps. A possible reason for 
this negative angle is that the etching in the lateral direction is stronger than the sidewall 
protection provided by the passivation step. This shortcoming can be solved by reducing the 
etch time of the etching step. In recipe III, the etch time of the etching step is reduced. The 
result is shown in Fig. 2.8. 

After etching, the thickness of the remaining oxide layer is about 0.45 � m. From Fig. 2.8 
it can be observed that the 8 � m hexagonal islands show a straight profile, while the 1.5 � m 
islands bow slightly. The bowing is most likely due to the electrical charges trapped in the 
oxide mask during etching, which deviate the ion flying path in the plasma. A lower process 
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pressure helps in this case because it prolongs the mean free path of the molecules in the 
plasma, thus preventing fewer collisions from taking place. As a consequence, a straighter 
profile angle is achieved.  

  
 (a)          (b) 

Fig. 2.7  SEM images showing the etching results of recipe II: (a) 3 � m; and (b) 8 � m 
hexagonal islands. 

  
(a)          (b) 

Fig. 2.8  SEM images showing the etching results of recipe III: (a) 1.5 � m (depth 46 � m); 
and (b) 8 � m (depth 40.9 � m) hexagonal islands. 
 

  
 (a)          (b) 

Fig. 2.9  SEM images showing the etching result of recipe IV: (a) 1.5� m (depth 39.5 � m); 
and (b) 8 � m (depth 35.9 � m) hexagonal islands. 
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In the next recipe, recipe IV, the gas flow of SF6 and O2 is reduced while the SF6/O2 gas 
flow ratio remains the same in order to maintain the overall etching performance. Since the 
pressure in the process chamber is controlled by the throttle valve opening angle, with the 
valve opening angle fixed, decreasing the gas flow decreases the pressure in the process 
chamber as well. Secondly, the SF6 ramping is set at 0.4 sccm/min. These settings maintain 
the overall etch rate of the recipe. Lastly, the cycle numbers in the recipe are decreased in 
order to reduce the etching depth to meet the requirement of the application, which is around 
36 � m. The etching result of the recipe IV is shown in Fig. 2.9. 

After etching, the thickness of the remaining oxide layer is around 0.8 � m. A straight 
profile is obtained for almost all the detected island sizes. The average etching depth is 
37.7 � m (averaged together with the structures with other dimensions). Thus, all the process 
requirements are satisfied. For more details, see [2.4]. 

2.2.3  Nonuniform etching in the DRIE process 

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

There are many terms used to describe the microscopic nonuniformity in plasma etch, 
such as RIE lag [2.11-14], microloading [2.12, 2.15], aperture effect [2.16], aspect ratio 
dependent etching (ARDE) [2.17], and pattern factors [2.18]. In this section, in order to 
maintain a consistent definition, we will be following the definition given by Gottscho in 
[2.19]. According to Gottscho, the microscopic transport phenomenon within a single feature 
is defined as RIE lag. RIE lag is just one manifestation of ARDE which is synonymous with 
aperture or proximity effect. Microloading refers to a local dependence of the etch rate on the 
pattern density for identical features [2.19].  

ARDE is a phenomenon in which the etch-rate dependence on the aspect ratio is 
exhibited. ARDE is often observed in DRIE as well as in many other plasma etch processes, 
especially at high etch rates, where the etch rate is often limited by the transport of etching 
species to the trench bottom and the transport of the etch products out of the trenches. ARDE 
refers to the phenomenon whereby the etch rate scales not with the absolute feature sizes, but 
with the aspect ratio. Increasing the aspect ratio usually 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 width ranging from 2 to 50 � m is etched using 
the DRIE process. It can be easily observed that the trenches with a smaller width (higher 
aspect ratio) are etched much more slowly than the ones with a greater width (lower aspect 
ratio).  

With the same trench width range and spacing, this experiment was performed for 
different trench lengths (from 100 to 5000 � m). Similar results are observed. It is further 
noticed that the ARDE is mainly determined by the width of the trench instead of the 
opening area (product of length and width) of the trench. This may suggest that the narrowest 
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part of the feature limits the aspect ratio in DRIE. In other words, in order to produce a 
similar etching depth on all the features over the entire wafer, it is essential to keep the width 
of the trenches the same regardless of their length. The experiment data are summarized in 
Fig. 2.11 and Fig. 2.12.  

 

Fig. 2.10  A SEM image to illustrate aspect ratio dependent etching (ARDE). A series of 
trenches with widths ranging from 2 to 50 � m is etched in silicon. The image shows that the 
trenches with higher aspect ratios are etched more slowly. 

In Fig. 2.12, the averaged etch rate is normalized to the surface etch rate. The 
normalized etch rate shows linearity to the aspect ratio, which explains why the phenomenon 
is called aspect ratio dependent etching (ARDE). Note that the etch rate is aspect ratio 
dependent. As the etch continues, the aspect ratio increases with time so the etch rate is 
time-dependent as well. Therefore in Fig. 2.12, only the averaged etch rate is considered. 

The etch rate of silicon during reactive ion etching (RIE) depends on the total exposed 
area. This is called the loading effect. However, local variation in the pattern density will 
similarly cause local variations in the etch rate. This effect is caused by a local depletion of 
reactive species and is called the microloading effect [2.23]. A microloading effect, 
according to Gottscho [2.19], should only be used to refer to a local dependence of the etch 
rate or pattern density on identical features. An example of a microloading effect is shown in 
Fig. 2.13, where it can be noticed that due to the local opening area variation, the outmost 
trenches are etched deeper than the inner trenches. This effect can be observed in different 
trench lengths and widths. 

In DRIE etching, some other effects may also be found, such as ion shadowing, neutral 
shadowing, etc. [2.19]. DRIE equipment design and etching recipe settings can also 
contribute to the nonuniform etching, which normally displays different etch rates at 
different locations on the process wafer.  
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Fig. 2.11  DRIE of silicon: etching depth as function of the trench width and length. Because 
of the ARDE, it appears that the narrower trenches are etched more slowly. 
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Fig. 2.12  Different view on the data from Fig. 2.11 shows that the normalized etch rate 
shows linearity with respect to the aspect ratio. 
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Fig. 2.13  A SEM image illustrating the microloading effect: When 10 � m wide trenches are 
etched in silicon, the outmost trenches are etched slightly deeper than the inner ones. 

 

2.3 Wafer Handling Reliability 

Fabricating the TSV with DRIE is a time-consuming process. It normally takes hours to 
etch through the entire wafer thickness. In order to increase the throughput of the process and 
facilitate the subsequent TSV metallization steps, the TSVs are normally fabricated in thin or 
thinned silicon substrates. The wafer thickness, however, has a strong influence on the 
mechanical reliability of the wafer, especially if the wafer has to go through complicated 
processes afterwards. For certain wafer sizes, there is a limit to the minimum wafer thickness 
at which the silicon wafer is still mechanically safe when being handled or processed. The 
mechanical handling reliability is an important issue when fabricating TSVs on 
reduced-thickness silicon substrates. 

Wafer handling during a semiconductor fabrication cycle is a routine process that is 
fully automated in most cases. The process and test equipment is normally designed to 
handle planar full-thickness silicon wafers, while avoiding any critical loads, thus 
minimizing the risk of wafer mechanical failure. Reliable mechanical self-support is crucial 
for high-volume IC fabrication [2.3]. The problems for the reduced-thickness wafer are 
mainly edge chipping and the wafer bowing under its own weight or under the internal stress 
from the deposited layers. Polyakov studied the influence of the wafer thickness on the wafer 
mechanical reliability during processes (see Fig. 2.14 and Fig. 2.15). 
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Fig. 2.14  Simulated maximal displacement of a silicon wafer under stress from a deposited 
layer.  Layer thickness is 2 µm with a compressive stress of 250 MPa [2.3].  

 

Fig. 2.15  Simulated maximum deflection of a silicon wafer under an external pressure of 
100 Pa [2.3].  
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The shadowed area in Fig. 2.15 represents the maximum misfit allowed in the carrier 
cassettes, and shows that with a decrease in the thickness, the bow increases significantly 
under the internal stress or external forces. This increase is particularly important for larger 
wafers, and therefore also represents a severe limitation in the handling on a conventional 
equipment. As a result, for 300 mm wafers, additional support may be required for if the 
wafer thickness is <350 µm, while 100 mm wafers may remain stable down to a thickness of 
150 µm. Similar conclusions may be drawn concerning the decrease in the safety factor for 
larger wafers.  

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

 

2.4 Through-Silicon-Via Processing Modules 

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

In modern etch chamber designs, in order to maintain the desired wafer process 
temperature, the wafer is cooled during the etching by a stream of He flowing along the back 
side of the wafer. At the same time, the wafer is clamped on a wafer stage by either an 
electrostatic chuck (ESC) or a clamp ring. The He gas flowing along the back side of the 
wafer is isolated from the plasma at the front side of the wafer only by the wafer (see Fig. 
2.4). The aforementioned nonuniform etching effects, if not carefully handled in TSV 
fabrication, might result in an early through-wafer etching at particular spots on the wafer 
long before the targeted etching depth is achieved. Such early holes through the wafer would 
cause He gas leakage into the etch chamber, and, as a consequence, affect the etching 
chemistry. Therefore, special measures need to be taken to maintain the performance of the 
etch recipe during TSV fabrication, especially if features with different aspect ratios are to be 
etched. In the author’s research, two diverse approaches 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 that involves a capping silicon substrate with 
Cu-filled TSVs. The capping substrate provides an electrical interconnect and physical 
protection for the MEMS device, and yields an SMT-compatible package. 

2.4.1 Via-first approach 

Process flow 
From the discussion above regarding ARDE, it could be concluded that the etching 

depth depends mainly on the local feature size (i.e., trench width) and not so much on the 
total exposed etching area. This may suggest that the depth of an etched via might be close to 
the depth of a trench whose width is the same as the via diameter. Based on this conclusion, 
the cavity can be formed by outlining the cavities with narrow trenches whose width is 
similar to the diameter of the vias to be etched, leaving only a few narrow anchoring bridges 
to maintain mechanical integrity of the wafer. In this way, both the trenches and the vias 
would have similar aspect ratio, and similar etch rates in the DRIE process could be 
expected.  
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Fig. 2.17  A schematic process flow of the via-first approach for simultaneous TSV and cavity 
fabrication: (a) blind vias and trenches that outline the cavity region are etched on the front 
side of the wafer; (b) after etching, the vias and trenches are revealed from the wafer back 
side by wafer back grinding; (c) after ultrasonic treatment, the anchoring bridges in the 
cavity region are broken, and the cavities are formed. 
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During DRIE in the via-first approach, as illustrated in Fig. 2.17, the blind trenches and 
vias are etched on the front side of the wafer down to the designated depth. Since the vias are 
not etched completely through the silicon wafer, the He flowing along the back side cannot 
leak into the process chamber. Upon exposure of the vias and trenches by wafer back 
grinding, the trench outlined regions are removed by breaking the narrow anchoring bridges 
using ultrasonic treatment, after which the cavities are formed. 

Fig. 2.18 demonstrates the simultaneous fabrication of TSVs (50 and 70 � m in diameter) 
and large cavities (2 x 5 cm2) using the via-first approach. In this demonstrator, a 550 � m 
thick, 100 mm diameter, silicon wafer is used as the starting material. At first, vias and 
trenches are etched down to a depth of around 300 � m by DRIE (see Fig. 2.18 (a) and 2.18 
(b)). The etched wafer is then thinned down to ~280 � m by wafer back grinding. This step 
reveals the trenches and vias from wafer back side. With an ultrasonic treatment, the 
trench-surrounded region breaks out at the narrow anchoring bridges. Thus the cavity is 
finally formed (see Fig. 2.18 (c) and 2.18 (d)). 

  
(a)          (b) 

 

  
(c)          (d) 

Fig. 2.18  SEM images showing a 2 x 5 mm2 cavity fabricated simultaneously with 50 and 
70 � m in diameter TSVs: (a) the trench-outlined cavity and the vias after DRIE; (b) the 
trench-outlined cavity is anchored to the substrate by narrow anchoring bridges; (c) the 
cavity is formed after wafer back grinding and ultrasonic treatment; (d) a detail of the 
broken anchoring bridge after ultrasonic treatment. 

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

Surface roughness 
In the via-first approach, wafer back grinding is used for wafer thinning. A general 

concern here is the wafer back side roughness after grinding. The back grinding process is a 
common method in wafer thinning. While the back grinding process provides a relatively 
low cost-of-ownership, it yields a non-uniform surface containing micro-cracks and crystal 
dislocations within the silicon substrate. These might result in stress and weak adhesion 
points for subsequent back side metallization. In this work, a three-step grinding process 
consisting of coarse grinding, fine grinding and polishing to minimize the wafer back side 
roughness is used. In the coarse grinding step, 9 � m grinding powder (SiC) is used to achieve 
a higher grinding rate. The coarse grinding process removes around 90 % of the ground layer 
thickness. The coarse grinding process provides a higher grinding rate, however, it yields 
greater roughness. After coarse grinding, fine grinding that uses 3 � m grinding particles is 
used to reduce the surface roughness. In the last step, polishing slurry is used to produce a 
smooth and shiny wafer back side. This three-step procedure was studied using atomic force 
microscopy (AFM). Fig. 2.19 shows the measured surface roughness after each subsequent 
grinding step. 

  
(a)         (b) 

  
(c)         (d) 

Fig. 2.19  Wafer back side roughness after each grinding step was studied by AFM: (a) 
the original wafer surface roughness (mean=2.89 nm, delta= 0.27 nm); (b) wafer surface 
after the coarse grinding step (mean=632 nm, delta=137 nm); (c) wafer surface after the 
fine grinding step (mean=121 nm, delta=35.5 nm); (d) wafer surface after the polishing step 
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(mean=4.1 nm, delta=0.6 nm). 
 
The measurement results indicate that the described grinding/polishing procedure yields 

a smooth wafer surface with roughness comparable to the original wafer surface. The final 
surface quality is mainly defined by the uniformity of the coarse grinding step. 

Sharp wafer edge 
With the abovementioned approach, the wafer is thinned from 550 � m down to around 

280 � m, which, according to Fig. 2.14 and Fig. 2.15, still falls into the safe handling region. 
There is, however, another issue that may potentially threaten the mechanical integrity of the 
thinned wafers, especially when these still have to undergo a complicated fabrication 
sequence. It is namely the sharp wafer edge created by the wafer back grinding. The edge of 
a commercial silicon wafer is normally rounded in order to avoid any potential stress 
concentration at the sharp edge of the wafer. However, during the wafer thinning, the 
grinding causes the rounded wafer edge to become a sharp corner (see Fig. 2.20). Thinned 
wafers with such a sharp edge can easily be mechanically damaged (i.e., chipped, or cracked) 
when external forces are applied during handling. In order to remove this sharp edge, an 
additional wafer edge rounding would be needed after the wafer back grinding. 
Unfortunately, as suitable equipment was not available to the author, the wafer edge 
rounding could not be performed in this research. 

 

 

Fig. 2.20  A SEM image showing a cross section of a thinned silicon wafer at the wafer 
edge. The white arrows points to a mechanically vulnerable 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 available thinned wafers (~250 to 

300 � m). With a proper etch-stop layer, the vias and cavities are directly etched from the 
front side of the wafer to the etch-stop layer. After removing the etch-stop layer, the TSVs 
and the cavities are revealed. The schematic process flow is illustrated in Fig. 2.21. 

 

 

Fig. 2.21 Schematic process flow used in the via-last approach for the simultaneous TSV and 
cavity fabrication: (a) an etch-stop layer is deposited onto the wafer back side; (b) vias and 
cavities are etched through the entire wafer thickness down to the etch-stop layer; (c) after 
the etch-stop layer is removed the fabricated TSVs and cavities are exposed. 

Etch rate and selectivity 
In any plasma etching processing step, a high etch rate (required for high throughput) 

together with a high selectivity to the mask and etch-stop layer (required for process control) 
are always desired. In general, the etch rate and selectivity are recipe-dependent. Many 
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parameters in the etch recipe may influence the etch rate and selectivity, e.g., the gas 
combination, etch/passivation ratio, wafer chuck temperature setting, etc. Once the etch 
recipe is optimized and fixed, the type of material selected for the mask and etch-stop layer is 
of considerable importance. It can be noticed from Fig. 2.21 that the key element of the 
via-last TSV fabrication approach is the etch-stop layer. Many materials can be selected as 
the etch-stop layer for TSVs fabrication. These materials, in general, exhibit the following 
commonalities: 

·  Significantly lower etch rate compared with the etch rate of the bulk silicon (in 
our research, PECVD SiO2 and Al were studied); 

·  Moderate deposition temperature, which makes it possible to fabricate TSVs on 
a device wafer; 

·  High thermal conductivity, when critical structure dimensions are involved.  
 

In plasma etching, the temperature of the wafer during processing is essential for the 
etch rate, selectivity, and even the etch profile. Because of the reaction probability, the vapor 
pressure of the etching byproducts and a re-deposition on the etched structures are both 
temperature-dependent. The Bosch process consists of sequential etching and passivation 
steps using appropriate gas chemistry in each step (SF6 for etching, C4F8 for passivation). 
These two steps may both be influenced by the wafer surface temperature. A higher 
temperature could result in a higher etch rate, especially at the sidewalls where chemical 
etching dominates and the passivation rate is decreased. The wafer surface temperature 
depends primarily on the chuck temperature, the ion density, and the energy and the 
exothermicity of the etching reaction. With the same etching recipe, different substrate 
materials or different layer stacks may produce different wafer surface temperatures. This is 
primarily determined by the different thermal conductivities of the materials. Table 2-IV 
gives the thermal conductivities of the three major materials used in this experiment.  

Table 2-IV: Thermal conductivity (W/mK) of selected materials [2.25]. 

Al Si SiO2 

237 150 0.5-2 

As the data in Table 2-IV show, the thermal conductivity of the SiO2 is significantly 
lower than that of the Al and silicon. Using SiO2 as an etch-stop layer may result in a 
temperature rise in the wafer and thus etch rate change. It was expected that the influence on 
the vertical etch rate when using PECVD SiO2 as the etch-stop layer would not be so 
significant, since the ion-assisted reaction, which takes place at the trench bottom surface, 
dominates in the RIE etching [2.26]. Table 2-V lists the etch rates obtained from the wafers 
without an etch-stop layer but with an Al or SiO2 etch-stop layer.  

Table 2-V: Influence of the back side etch-stop layer on the etch rate (� m/min). 

 Si SiO2 Al 
No etch-stop layer 3.67 0.043 * 

4 � m PECVD SiO2 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 the surface roughness, 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 the etch selectivity of silicon to SiO2 can be 
derived, which is about 75 for the PECVD SiO2 etch-stop layer. It slightly increases to about 
85 when either the Al etch-stop layer is used or the etching without any etch-stop layers is 
performed. The etch selectivity of silicon to SiO2 has two aspects. First of all, as an etch-stop 
layer, it determines the maximum aspect ratio difference that can safely be achieved in one 
etch step when performing the TSV process. Secondly, as a hard mask material, it determines 
if the wafer will survive the TSV process without damaging the wafer surface. Since the etch 
rate on the Al layer could not be measured precisely, the selectivity of Si to Al could not be 
calculated. However, it was observed through experiments that the etch rate on the Al with 
the same etch recipe is extremely low. It can be safely assumed that the selectivity of Si to Al 
is much higher than that of Si to SiO2. 

 

Etch profile 
Fig. 2.22 shows the etch profile of the TSV using the SiO2 etch-stop layer. It can be 

noticed that notching takes place in the silicon at the silicon-to-SiO2 interface. This result has 
also been reported by other research groups [2.27, 2.28]. According to Rosen [2.28], the 
notching is possibly caused either physically or chemically (due to the removal of the 
sidewall passivation). The ions in the etching plasma are deflected by either an electrical 
charge in the SiO2 layer or by collision with the sidewall of the etched via.  

Our experimental results further suggest that the electrical charge trapped in the SiO2 
layer contributes more to the notching phenomenon than the collisions. Plasma can be 
loosely defined as an assembly of positively and negatively charged particles which is 
electrically neutral on a macroscopic scale. Plasma etching techniques employ partially 
ionized gases composed of ions, electrons and neutrals produced by low pressure electrical 
discharges [2.29]. SiO2 is a good dielectric (dielectric constant 3.9) used in semiconductor 
fabrication. The charges trapped in the SiO2 layer are accumulated throughout the entire 
over-etch process. The charges in the incident plasma are dramatically deviated by those 
trapped charges, and therefore etching to the side of the vias occurs. This side etching forms 
the notching. If the net charges can be removed from the etch-stop layer, the local electrical 
field would not be formed and the charges in the plasma would maintain their original path 
and produce a notching-free profile. As can be seen in Fig. 2.23(a), notching is not observed 
when an electrically conductive Al layer is used for the etch-stop purpose. It can also be 
noticed that after DRIE, Al is sputtered onto the sidewalls of the via and the cavity. If 
desired, the sputtered Al can be removed together with the Al etch-stop layer (see Fig. 
2.23(b)). 

 

Minimum selectivity needed for the required aspect ratio difference 
The key to successful TSV etching in our experiments is the selectivity of the silicon to 

the etch-stop layer, especially when a large aspect ratio difference is needed. With a properly 
adjusted etch time, the etch-stop layer determines the minimum selectivity needed for the 
desired aspect ratio difference. 
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 (a)          (b) 

Fig. 2.22  SEM images of the TSVs fabricated using the SiO2 etch-stop layer show 
significant notching at the silicon to SiO2 interface: (a) etch profile; (b) a detailed view of the 
notching. 

  
(a)                                       (b) 

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

 

 

Fig. 2.24  Schematic cross-sectional profile of the etched wafer used for the analysis of the 
minimum selectivity needed for the required aspect ratio difference. 
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If we have a via and a cavity to be etched simultaneously through the entire silicon 
substrate, see Fig. 2.24. According to Fig. 2.11, during the DRIE process, these two features 
are etched at a different etch rate resulting in a different etching depth. Cavity B is etched 
deeper than Via A. The minimum requirement for a successful TSV process is that the 
etch-stop layer underneath Cavity B should not be penetrated before Via A reaches the 
etch-stop layer. By comparing the relevant etching times, we obtain: 
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where TSi is the thickness of the silicon substrate; Tstop is the thickness of the etch-stop layer; 
ESi, A is the silicon etch rate in Via A; ESi, B is the silicon etch rate in Cavity B; and Estop, B is 
the etch-stop layer etch rate in Cavity B. Notice that in this equation and the following 
discussion, only the average etch rate is considered. 
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In Eq. 2.2, 
ASi

BSi

E

E

,

,
 is the silicon etch rate ratio of the two features. It also relates to the 

ratio of the aspect ratios. In the research conducted for this work, a 5 x 5 mm2 cavity had to 
be etched simultaneously with 50 � m diameter TSV arrays. Based on our experimental 
results, the silicon etch rate in the cavity is about 6.5 � m/min, while it is about 2.5 � m/min in 
the vias. Then, according to Eq. 2.2, the minimum required etch selectivity of silicon to the 
etch-stop layer is about 112. This value exceeds the selectivity provided by the SiO2 
etch-stop layer (see the previous section); for this particular application, the Al etch-stop 
layer is required. Fig. 2.25 shows the SEM pictures of the etch results. 

 

In Fig. 2.25, it can be clearly seen that both the cavity and the TSV arrays are nicely 
formed. The etching profile and the Al etch-stop layer are well maintained.  
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(a)          (b) 

Fig. 2.25  A SEM image showing a cross-sectional view of a silicon wafer after 
simultaneous etching of 50 � m through-silicon-via arrays and a large 5 x 5 mm2 cavity using 
4 µm Al etch-stop layer: (a) overall view; (b) detailed view of one of the vias and the cavity 
edge. 

2.5 Conclusions 

In this chapter, development and characterization of a silicon deep reactive ion etching 
process was presented. The achieved results were then used to develop a TSV processing 
module as one of the enabling technologies in 3D packaging for die/wafer stacking. 

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

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

The via-last approach does not involve a mechanical grinding step. Instead, it requires 
an etch-stop layer at the back side of the wafer to avoid any He cooling gas leakage into the 
processing chamber. Two materials, SiO2 and Al, were tested as the etch-stop layer. While 
the SiO2 layer yields significant notching at the bottom of the etched structures, using Al 
prevents this problem and also provides a much higher etch selectivity to silicon. Therefore, 
the Al etch-stop layer compared to SiO2 allows for fabrication of through-silicon features 
with much higher aspect ratio differences. However, its relatively small disadvantage is that 
Al sputters from the bottom of the TSVs onto the via sidewalls. If Al structures such as 
interconnect metallization are already present at the front side of the wafer, removal of the 
unwanted sputtered Al from the via sidewall together with the remaining Al etch-stop layer 
might be complicated. 
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Chapter 3 
ELECTROPLATING IN PACKAGING 

APPLICATIONS  

 

3.1  Introduction 

Electroplating was invented by Italian chemist Luigi Brugnatelli in 1805. Brugnatelli 
used his colleague Alessandro Volta’s invention from five years earlier, the voltaic pile, to 
facilitate the first electrodeposition. Brugnatelli’s inventions were rejected by the French 
Academy of Sciences and were not used for general industrial purposes for the next thirty 
years [3.1]. In late 1990s, electroplating became part of modern semiconductor 
manufacturing processing. In 1997, the famous dual damascene process was developed by 
IBM [3.2-3.4] as a means of forming copper IC interconnects because of the lower electrical 
resistivity of copper and the electromigration (EM) advantages over traditional aluminum IC 
interconnects. In the dual damascene process, vias or trenches (two approaches are via-first 
and trench-first) are etched in the inter-metal dielectric (IMD) layer, and copper is then 
electroplated onto the wafer after copper seed sputtering. Finally, the metal interconnect is 
formed after the redundant copper is removed by a chemical-mechanical polishing (CMP) 
step.  

Different from the traditional metallization processes (physical vapor deposition (PVD), 
and metal evaporation), metallization using electroplating is an additive process. In a 
standard additive process, a thin layer of metal, called seed, is first coated onto the substrate 
by means of PVD or evaporation. Photo resist is then patterned onto the seed layer to form 
the mold of the circuit pattern. Afterwards, the metal interconnect is filled into the photo 
resist mold to the desired thickness, usually by a galvanic process, e.g., electroplating. After 
stripping off the photo resist and the redundant metal seed layer, the metal interconnect is 
formed. In subtractive processing, on the contrary, a continuous layer of metal is deposited 
on the substrate. The interconnect circuit pattern is then generated by etching away undesired 
metal with a photo resist defined etch mask. In the traditional semiconductor IC 
manufacturing process, interconnects at the device level are usually realized using 
subtractive dry etching of blanket aluminum film to produce the desired circuit lines [3.5]. 
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The additive process is usually applied when thick metallization layers are required. 
Thick metallization layers, in many cases, offer a clear advantage over thin films, such as 
mechanical characteristics (self-support ability, stiffness, and strength) or electrical features 
(resistivity). Thick metal film deposition can also be realized by subtractive processes. 
Nevertheless, they are rather expensive, time consuming and economically ineffective 
because of heavy material losses [3.6]. In these situations, electroplating offers more of an 
advantage.  

In general, electroplating uses electrical current to reduce cations of a desired material 
from a solution and to coat a conductive object with a thin layer of the material, such as 
metal. Electroplating is primarily used for depositing a layer of material to obtain a desired 
property (e.g., abrasion and wear resistance, corrosion protection, lubricity, aesthetic 
qualities, etc.) to a surface that otherwise lacks that property.  In other applications 
electroplating is used to build up the thickness of undersized parts. In the electroplating 
process, the anode and cathode in the electroplating cell are both connected to an external 
supply of direct current – a battery or, more commonly, a rectifier. The anode is connected to 
the positive terminal of the supply, and the cathode (the object to be plated) is connected to 
the negative terminal. When the external power supply is switched on, the metal (M) at the 
anode is oxidized from the zero valence state to form cations (Mn+) with a positive charge 
(n). These cations associate with the anions in the solution. The cations are reduced at the 
cathode to be deposited in the metallic, zero valence state. The reaction at the cathode during 
electroplating is shown in Eq 3.1. 

MneM n =+ -+  (3.1) 

In addition to conductive materials, photoresist can also be electroplated, which is 
usually refered to as electrodepositing. The resist electrodepositing (ED) process is based on 
the electrodeposition of a negative organic acrylate-type photoresist onto a cathodic polarised 
conductive substrate. The principles of the coating process are described in detail by 
Merricks [3.7]. In the cataphoretic resist emulsion, the ionised polymer forms positively 
charged micelles comprising of solvent, dye and photoinitiator molecules. If an electric field 
is applied, micelles migrate by electrophoresis toward the cathode. When the micelles reach 
the cathode, their positive surface charges are neutralized by hydroxide ions produced by the 
electrolysis of water. The micelles then become destabilized and coalesce on the surface of 
the cathode to form a self-limiting, insulating film [3.8]. In some situations, electroplated 
photoresist achieves better process results than the conventional spin-on photoresist. For 
instance, when patterning wafer with severe non-planarity, e.g., a wafer with through-silicon 
vias or cavities, the spin-on process can easily result in a non-uniformity problem, such as 
shadowing effect, while electroplated photoresist is still able to a produce conformal coating. 

There have been many applications that use the electroplating technique developed after 
endless efforts by researchers all over the world. In the application of through-silicon 
interconnect, electroplated copper is usually a good choice to fill up the through-silicon vias. 
In modern flip-chip technology, the solder bumps can also be fabricated through 
electroplating. In the following sections, the development 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 devices, a great deal of research and 
development work focuses on integrating more chips into one package by using metal-filled 
TSVs  as interconnects [3.9, 3.10]. Typical applications are MEMS devices, handheld 
applications, high density memory packages for cellular phones, PDA devices, and systems 
in package (SiPs). The electrical connectivity between dies is achieved by metal plated vias 
in the silicon die or by copper plugs. Sometimes copper vias may also serve only as 
mechanical reinforcements for a chip assembly [3.11]. The key steps in the copper via 
fabrication are TSV formation and copper filling into the TSVs. The fabrication of TSVs is 
described in Chapter 2. In this section, we discuss copper filling into the TSVs with the 
copper electroplating process. 

3.2.1 Copper electroplating principle 

Three basic types of processes based on the complexing system utilized are 
commercially available. They are alkaline- (several modifications of cyanide and 
non-cyanide); acid- (sulfate and fluoborate); and mildly alkaline- (pyro phosphate) 
complexed baths. In the author’s research work, the acid solution was extensively practiced. 
In this section, the copper electroplating process based on the acid plating solution is 
discussed. 

In the case of electroplating of copper onto a silicon wafer, the wafer is typically coated 
with a conductive copper seed layer prior to plating. The seed layer should have acceptable 
adhesion to the barrier layer (which is Ti/TiN in the standard DIMES copper process flow), 
provide adequate conductivity across the surface of the wafer, and be continuous with full 
coverage in high aspect ratio features to be filled during the plating process. The seeded 
wafer is immersed in the plating solution containing cupric ions, sulfuric acid, chloride ions, 
and proprietary additives. An external power supply is used when the electrodes are dipped 
in the plating solution. The anode of the power supply is normally a piece of copper (copper 
source), while the cathode is the conductive substrate (wafer) to be plated. During the 
electroplating process, copper is oxidized at the anode to Cu2+ by losing two electrons. The 
Cu2+ associates with the anion SO4

2- in the solution to form copper sulfate. At the cathode, 
the Cu2+ is reduced to metallic copper by gaining two electrons. The result is the effective 
transfer of copper from the anode source to the plate covering the cathode. The copper 
electroplating process, together with the plating bath used in DIMES, is schematically 
illustrated in Fig. 3.1. 

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

nF
ItA

W W= , (3.2) 

where W is the weight of deposit in grams; t is the time in seconds; I is the current in 
Amperes; F is the Faraday constant (96,500 C/eq); n is the number of electrons transferred 
per atom deposited; and Aw is the atomic weight. Using this relationship, the mass of 
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deposited Cu can be readily controlled by varying plating current and time [3.5].  
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Fig. 3.1 Schematic view of a basic electroplating process and the electroplating tool at 
DIMES: 1. Anode (copper); 2. Cathode (wafer to be plated); 3. Plating bath (acid solution 
with free copper ions); 4. Motorized stirrer; 5. Pump; and 6. Heater. Positively charged 
copper ions are free in the solution, but are being attracted by the negatively charged 
cathode. As the ions reach the cathode, they regain their lost electrons and become copper 
metal and stick to the cathode. The motorized stirrer and the pump are used to prevent local 
cupric ion depletion in the plating bath during plating. The heater is used to maintain an 
appropriate process temperature for the bath. 

With no potential applied and no imposed current flow across the interface between the 
metal and a the solution, an equilibrium potential exists between the two. This potential is 
often known as the rest potential. Once potential has been shifted away from the equilibrium 
potential by an external power source, a current will be driven across the interface. Under 
conditions typical of most plating processes, this current density (I) is approximated by an 
exponential relationship known as the Tafel equation: 

][ /
0

RTanFeiI h-= , (3.3) 
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where i0 is the exchange current density; a is the charge transfer coefficient; �  is the applied 
potential (V); T is the absolute temperature; and R is the gas constant. 

 
Fig. 3.2  A typical current-potential curve observed in copper electroplating [3.5]. 

Fig. 3.2 shows a typical current–potential curve in a copper deposition process. As the 
potential applied to the wafer is scanned from the equilibrium potential to more negative 
values, the current increases exponentially (Tafel region) to where the overall deposition rate 
is determined largely by the charge transfer or reaction rate kinetics at the cathode. This 
strong dependence of the current on the potential, results in the need for plating cell designs 
which yield uniform potentials across the wafer surface [3.5]. 

As the potential continues to increase, mass transfer limitation on current gradually 
becomes dominant and a limiting current plateau is reached. At the limiting current, species 
reacting at the cathode (Cu2+) no longer reach the interface at a rate sufficient to sustain the 
rate of reaction possible at a high applied potential. As a general rule, plating processes are 
operated at currents no greater than 30–50 % [3.5] of the limiting current in order to avoid 
undesirable deposit characteristics. In the author’s work on copper plating in TSVs, the 
plating current density around 30 mA/cm2 has been proven to be optimum.  

Electroplating can be carried out using a constant current, a constant voltage, or 
waveforms involving variable current or voltage. Using a constant current, accurate control 
of the mass of the deposited metal is most easily obtained based on Faraday’s law. Plating at 
a constant voltage and using variable waveforms requires more complex equipment and 
control, but can be useful in tailoring specific thickness distributions and film properties. A 
constant voltage also allows deposition at a uniform current density while the plated surface 
area changes. 



46 Hybrid Wafer-Level Packaging for RF-MEMS and Optoelectronic Applications 

3.2.2 Copper electroplating chemistry 

In general, the following components can be found in a copper electroplating bath:  

�  Cu2+ from copper sulfate (CuSO4). Copper sulfate is added into the plating bath as the 
source of cupric ions, which maintains their concentration in the range of 10–70 g/L. 
According to [3.5], low concentrations of cupric ions are utilized to obtain optimum 
thickness distribution control [3.12]. High cupric ion concentrations allow generally 
higher plating currents (deposition rate) and thus can facilitate increased throughput. 

�  Sulfuric acid (H2SO4). The sulfuric acid is added into the bath in order to adjust the 
bath conductivity. High acid concentrations are often chosen to provide high solution 
conductivity and thus reduce electric field variability in the bath. A uniform electric 
field is essential to obtain a uniform current density and deposition rate [3.13]. High 
acid solutions are effective in rapidly dissolving copper oxide present on the seed 
layer prior to plating. Low acid concentrations uniformly increase bath resistance 
between the wafer and the anode and thus reduce the relative impact of seed 
resistance on the current flow across the wafer. This reduces center-to-edge 
deposition rate variability on thin seeds which would otherwise tend to plate more 
rapidly near the wafer edge where electrical contact is made [3.14, 3.15]. 

�  Organic additives [3.16, 3.17]. Organic additives are added to copper sulfate plating 
solutions to influence deposit metallurgy and deposit thickness distribution. The 
standard DIMES copper plating bath uses both an accelerator that increases the 
electrical current at a given voltage and a suppresser that reduces the electrical 
current at a given voltage. Accelerators are commonly added to the electrolyte as the 
sodium or potassium salt of dimercaptopropane sulfonic acid (SPS) at concentrations 
in the range of 2–20 ppm. The structure of the accelerator molecule results in unique 
adsorption properties and interactions within the cupric ion reduction process. 

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

Molecular weights of suppressors generally range from about 1000 up to 10,000 
and solution concentrations generally range from 100 to 1000 ppm, which is much 
higher than typical accelerator concentrations. Because of the relatively high 
suppressor concentration in the solution, suppressor adsorption rapidly results in a 
monolayer-like film formation on the copper surface [3.18-3.20]. Microbalance [3.21] 
and current response studies suggest that film formation is complete in about 0.2 s 
under typical conditions. The film inhibits deposition current at a given applied 
potential. 

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

�  Chloride ions (Cl-) from HCl. The primary requirement for adding chloride ions into 
a solution is based on interactions with the organic additives required to achieve a 
desired metallurgy and fill performance. By itself, a chloride ion adsorbs strongly on 
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the plated Cu surface and provides a charge transfer site, which is slightly catalytic or 
depolarizing in sulfate electrolytes [3.25]. With the organic polymer suppressor 
additive present, however, interaction between the adsorbed chloride ion and the 
suppressor results in formation of a well-adsorbed polymer film which blocks 
interfacial charge transfer and is therefore highly polarizing [3.26-3.29]. Current 
suppression on the wafer field by this mechanism is essential to achieve a bottom-up 
fill. In addition, more recent work [3.30] has shown that the chloride ion interacts 
with the accelerator additives in charge transfer reactions during cupric ion reduction. 
Finally, a uniformly defect-free, smooth-plated surface and desired metallurgy are 
achieved only using chloride ions along with organic additives. 

 
Finally, the detailed components used in the standard DIMES copper electroplating 

solution are summarized in Table 3- I.  

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

CuSO4. 5H2O      

(g) 
H2SO4   

(95.97 %, mL) 
HCl   

(30 %, mL) 
Accelerator 

(mL) 
Suppresser 

(mL) 
DI Water  

(L) 

150 380 0.35 10 14 2 

 

3.2.3 TSV filling by copper electroplating 

It was mentioned earlier in this chapter that the electroplating process was introduced 
into the modern semiconductor industry by IBM in its damascene process. Electroplating on 
a physical vapor deposition (PVD) seed layer to form a copper interconnect, however, was 
not initially recognized as a preferred means of copper interconnect formation. Early 
development of copper interconnect formation concentrated on chemical vapor deposition 
(CVD) [3.31, 3.32], electroless copper deposition [3.33, 3.34], and PVD [3.35] methods. In 
some cases, these methods were combined with each other or with copper reflow processes 
[3.36] as a means for deposition of seed layers or bulk copper films. Nearly all studies 
concluded that optimum adhesion of copper to barrier films was obtained using PVD copper 
deposition, thus necessitating the use of PVD copper as an initial seed layer. For bulk copper 
deposition, the electroless and CVD processes available resulted in a conformal film of 
copper both within features and on the wafer surface, but possibly led to a seam or void in 
the center of copper lines if the plating surface has re-entrant or near vertical topology. Such 
seams present reliability concerns with a metal such as copper, which can undergo 
electromigration (EM). Very high pressure and temperature have been shown to reflow 
copper into features, although this approach has not been put into practice [3.5].  

The TSV filling process described in this section is a damascene-like process which is 
basically composed of copper seed deposition with PVD, two-step copper electroplating in 
the TSVs, and redundant copper removal by grinding. The process is illustrated in Fig. 3.3. 

This process starts with 4-inch (100 mm) silicon wafers. For some critical applications, 
such as the RF-MEMS packaging application described in Chapter 5, in which minimized 
RF loss through the substrate is critical, high resistivity silicon wafers have to be used.  
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Fig. 3.3  Process flow of the TSV filling process by copper electroplating: (a) PECVD 
silicon dioxide deposition (on both sides); (b) copper seed deposition onto the front side; (c) 
patterning with ED photo resist (negative tone); (d) copper electroplating at the front side 
until the TSVs are closed; (e) copper electroplating at the back until TSVs are completely 
filled; (f) ED photo resist removal; (g) copper seed removal; and (h) redundant copper 
removal at the back. 
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At first, TSVs are fabricated with either the via-first or via-last method described 
previously in Chapter 2. In those cases silicon dioxide is deposited onto both front and back 
of the wafer, as well as in the TSVs with PECVD. This silicon dioxide layer serves as a 
dielectric layer in order to prevent the short circuit or electrical performance on the wafer 
from degrading. The thicknesses of the deposited silicon oxide is determined by thorough 
system-level optimization for different applications. In the author’s work, 2 � m silicon oxide 
was used with the PECVD process temperature at 400 oC.  

Afterwards, Ti/TiN and copper seed layers are deposited onto the front of the wafer by 
PVD, either through sputtering or evaporation. Ti/TiN functions as an adhesion and diffusion 
barrier layer. As an adhesion layer, Ti/TiN promotes the adhesion of copper to the surface of 
the dielectric layer. As a diffusion barrier, it prevents the copper from diffusing into silicon 
oxide and silicon substrate due to the high diffusion velocity of the copper in silicon crystal 
and SiO2 film, even in low-temperatures [3.37]. The seed layer (copper) should sufficiently 
adhere to the barrier layer, provide adequate conductivity across the surface of the wafer, and 
be continuous with good coverage in the TSVs during the plating process.  

 

Fig. 3.4  Cross section of the ED resist coated TSVs. 

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

�  Coating on the wafers with TSVs using the traditional spin-coating process results in 
poor coating uniformity, while using the photo resist electrodeposition technique a 
conformal coating result can be achieved. Fig. 3.4 shows the cross-sectional picture 
of the TSVs after ED resist coating. 
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�  When using positive photo resist, the photo resist in the TSVs has to be fully exposed 
in order to facilitate the subsequent electroplating process. Considering the depth of 
the TSVs, ~300 � m, this process would be time-consuming. While using negative 
photo resist, only the resist on the wafer surface, around 35 � m thick, is exposed; the 
photo resist in the TSVs is removed by the developer.  

In order to have a good ED resist coating result, cleaning prior to the photo 
electrodeposition is necessary. This cleaning step aims to remove the copper oxide on the 
surface of the copper seed layer. In DIMES, this is done by a 30 s dipping in 10 % H2SO4.  

The next step is copper electroplating on the front side of the wafer in the mold formed 
by the ED photo resist. In this step, the external power supply of the copper plating bath is 
connected onto the seed layer (wafer front side). With the wafer back side being properly 
protected and the wafer front side being exposed in the plating bath, the electroplating only 
goes on the wafer front side. This plating step forms the copper lines on the front of the 
wafer to the designed thickness. Meanwhile, it also partially or fully closes up the top part of 
the TSVs and makes it easier to fill the TSVs in the next step. Fig. 3.5 shows part of the 
electroplated copper transmission lines on the front side of the wafer with partially blocked 
TSVs. 

 

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

TSVs 
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(a) 

 
(b) 

Fig. 3.6  Over-plating is needed to guarantee completely filled TSVs: (a) top view SEM at 
wafer backside; (b) cross-sectional view of a copper filled TSV. 
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(a) 

 
(b) 

Fig. 3.7  The over-plated copper at the wafer back side is removed by polishing: (a) a 
general view of the wafer backside after copper polishing; (b) a magnified picture of one 
copper- filled TSV after copper polishing. 
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After the front copper plating, the wafer is flipped over in the plating bath, with the 
wafer back side being exposed in the plating bath and wafer front side being protected (the 
power supply remains connected to the wafer front). In this case, the electroplating takes 
place on the previously plated copper in the TSVs. In order to guarantee that all the TSVs are 
completely filled, a little redundancy in the plating or over-plating is needed. The plating is 
finished until the copper can be seen from the wafer back side in all the TSVs upon 
inspection (see Fig. 3.6). 

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

It is worth mentioning here that for industrial application, a low temperature (<200 oC) 
annealing step is recommended after copper plating in order to achieve optimum copper 
grain size (resistivity), removing residual stress and reducing eletromigration. Unfortunately, 
due to equipment limitations, the author could not perform this study.  

3.2.4 Process issues in copper electroplating 

In this section, some commonly seen abnormalities in the copper plating process are 
discussed.  

A: Organic contamination 
From the previous discussion in this chapter, one can realize that the organic materials 

have a strong influence over the electroplating process. The influence can be positive if the 
organic materials help to improve the plating quality, as is the case with the use of 
accelerators, suppressors and levelers in commercial plating baths. Sometimes, however, the 
organic materials may have a negative impact on the plating quality. For example, some 
organic materials may inhibit the plating process locally. In this case, the organic materials 
contaminate the plating bath. In general, the organic contaminants occur after a prolonged 
use of the plating bath, especially when the wafers to be plated are coated with photo resist 
used as a mold. The activated plating-grade carbon filter in the bath circulation helps to 
remove some of the organic contaminants. If the concentration of the organic contaminants 
in the plating bath exceeds the capability of the filter, the organic contaminants become a 
hazard, and the plating quality decreases significantly.  

In the previously described TSV copper filling process, thick (~35 � m) ED photo resist 
is used. After ED resist development, if the resist is not baked properly, the solvent in the 
resist becomes a contaminant in the plating bath. Fig. 3.8 shows the plating results from a 
contaminated plating bath which is due to insufficient ED resist baking after the resist 
development. It can be noticed, from Fig. 3.8, that the plating process is inhibited at some 
spots while the plating quality elsewhere is poor. 

 When the organic contamination happens, the plating bath should be changed. In order 
to prevent contamination, a careful process design and regular change of the plating bath are 
needed.  
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Fig. 3.8  Example of a plating result in a copper-plating bath with organic contaminants. 

 

B: Air bubbles in the plating bath 
In the process of copper electroplating, air bubbles are easily generated. According to 

Chang [3.38], the generating of air bubbles is mainly due to the surface tension of the plating 
bath. Chang concluded that the air bubbles are much more easily generated in a solution with 
low surface tension. The model proposed by Chang on the role of solution surface tension in 
the gap-filling capability is shown in Fig. 3.9. 

Suppressors in the plating solution restrain the plating current by forming an adsorbed 
polymer-diffusion layer over an electrode surface. Meanwhile, the suppressor also acts as a 
surfactant. The inhibition and wetting abilities of the suppressors relate to their molecular 
weight (MW) and concentration. When the suppressors with a greater MW and concentration 
are used, the larger current suppression and the lower surface tension are controlled from the 
plating solution. However, the large-MW suppressors easily cleave into smaller molecules in 
acid solutions, especially in the presence of an electric field. In the meantime, the activity of 
the suppressors decays due to the breakdown of polymers. The by-products of the 
suppressors not only generate impurities in the plating bath but also change the surface 
tension of electrolytes to induce micro-bubbles during the copper electroplating [3.38]. If the 
air bubbles adsorb on the plating surface, copper cannot be deposited where the air bubbles 
are and thus copper void defects form after electroplating. The SEM images of a copper void 
generated because of air bubbles during TSV copper filling are shown in Fig. 3.10. 

 

ED resist No plating 

Poor plating 
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Fig. 3.9  Influence of surface tension on the gap-filling capability and the formation of air 
bubbles, proposed by Chang [3.38]. 

 

In the author’s work, it was noticed that for a given concentration and type of 
suppressor, lowering the electrical current density in the TSV filling process may help to 
reduce or avoid copper voids. A low plating-current density may work in two ways. First, it 
generates a weak electrical field which slows down the breakdown rate of the suppressor and 
thus generates fewer bubbles. Meanwhile, the plating rate is slowed down as well; this may 
help to release those bubbles from the plating surface by 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 grain size increases with the applied current 

density [3.40]. As illustrated in Fig. 3.11 (a), high current density plating yields the copper 
grain size at the plated layer surface to be as large as 2-10 µm. On the contrary, a low plating 
current density provides a smooth surface (Fig. 3.11 (b)). The grain size directly influences 
many important properties of the plated copper (e.g., stress, ductility, hardness, and 
resistivity). The copper grain size can be modified by a subsequent annealing, and as 
reported in the literature [3.5, 3.41], fully annealed films become more ductile, softer, and 
about 20 % more conductive.  

Electrical resistivity measurements using a 4-probe method could reliably be performed only 
on the samples plated at a low current density (30 mA/cm2). The average measured value is 
2.6 ��� cm. The measurements performed on the samples plated at a high current density 
(120 mA/cm2) did not yield consistent results, due to voids and irreproducible data. 
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(a) 

 
(b) 

Fig. 3.10  Air bubbles generated in the copper plating process can yield voids in the copper 
TSVs: (a) wafer cross section showing voids in TSVs; and (b) magnified view. 
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(a) 

 
(b) 

Fig. 3.11  SEM images illustrating the influence of plating current density on copper surface 
roughness: (a) a high plating current density (120 mA/cm2) yields a large copper grain size 
and thus a rough copper surface; (b) a low plating current density (30mA/cm2) provides 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 interconnecting different semiconductor 
devices with solder bumps, called C4 (controlled collapse chip connection) and later called 
flip-chip. Flip chip is a key technology for hybrid integration as it provides both the smallest 
footprint area and also, due to the short interconnection, the low electrical parasitics that are 
required for high-frequency applications [3.42]. The techniques used in the flip-chip 
technology for chip-to-chip, chip-to-wafer and chip-to-board bonding are summarized in 
Table 3-II. Solder bumps are the most widely used because the technique is mature, they 
yield the highest attainable current densities, and they possess the most extensive reliability 
data of any flip-chip technology [3.43].  

 

Table 3-II  Overview of interconnect techniques used in flip-chip technology [3.42]. 

Soldering Adhesive bonding Welding 

Thermode 
soldering 

Reflow 
soldering 

ICA 
(Isotropic 

Conductive 
Adhesive) 

ACA 
(Anisotropic 
Conductive 
Adhesive) 

NCA 
(Non-conductive 

Adhesive) 

Thermo- 

compression 

Thermo- 

sonic 

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

3.3.1 Solder selection 

Solders for bonding applications in microelectronic/optoelectronic packages are 
classified as either a soft solder or hard solder depending on the melting temperature [3.44]. 
Soft solders, such as Sn and In alloys, have low melting temperatures, but exhibit lower yield 
strengths, which lead to lower creep resistance. Solder creep reduces the reliability of 
optoelectronic packages because the alignment of the devices cannot be maintained over 
time. On the other hand, hard solders, including Au-rich Au/Sn, Au/Si, and Au/Ge alloys, 
have higher melting temperatures and higher yield strengths. The advantages of solders with 
a higher melting temperature include superior thermal stability and long-term reliability 
[3.45].  

Among these hard solders, eutectic AuSn is the preferred alloy because of its relatively 
low melting point, low elastic modulus, high thermal conductivity and high strength, as 
compared to those of the other solders [3.46-3.48]. The eutectic AuSn system has two 
eutectic points and four intermetallic phases. The eutectic alloy used for soldering 
applications has a eutectic temperature of 278 °C and is composed of eighty weight percent 
of gold and twenty weight percent of tin (gold rich). This composition is named Au80Sn20. 
If a eutectic Au80Sn20 melt freezes, a eutectic reaction occurs with the formation of an 
intermetallic AuSn phase (also called a � -phase) and � -phase. At temperatures below 190 °C 
a congruent reaction occurs and the � -phase is formed. This is a stable intermetallic phase 
with the composition Au5Sn. If an Au80Sn20 solid alloy is heated up to the eutectic 
temperature, melting starts at each interface between the 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 solder has a lower melting temperature 
(278 °C) compared to other hard solders, such as Au-Si (363 °C) and Au-Ge (356 °C). In 
addition, the high thermal conductivity of Au-Sn (57 W/m°C) makes it particularly useful for 
bonding high-power devices that demand good heat dissipation. Au-Sn solder also offers 
many other advantages when making solder joints, such as the ability to solder without using 
flux [3.45]. Flux, even after removal, would contaminate optical and other surfaces and 
would have a strong impact on the performance and reliability of the optoelectronic devices. 

 

Fig. 3.12  Phase diagram of different AuSn alloys [3.49]. 

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

 

3.3.2 Gold and tin electroplating principle 

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

In gold electroplating, a larger number of plating baths have been developed, but not all 
of them are suitable for molding plating applications, especially when the plating mold on 
the wafer is formed by a photoresist. An essential requirement is that the plating bath should 
show good compatibility with the photoresist material, otherwise the size and shape of the 
plated structures will be compromised. The majority of positive resists are soluble in strong 
alkaline solutions, therefore it is important to maintain the plating solution at the pH below 
9.5, and ideally a plating bath of a near-neutral pH value should be used [3.51]. Basically, the 
gold electroplating baths fall into the following categories: cyanide bath, sulfite bath, 
alkaline bath, thiosulfate bath, mixed sulfite-thiosulfate bath, and other baths. The basic 
chemical reactions in different gold electroplating baths are summarized in Table 3-III by 
[3.51].  

 

Table 3-III  Chemical reactions in different gold electroplating baths [3.51] 

3
3
4323 2)(2)(3 NHNHAuAuNHAu ++Û ++  

++ +Û 323 AuAuAu  
--- ++Û ClAuClAuAuCl 223 42  
--- ++Û BrAuBrAuAuBr 223 42  

22 5.025.0 HOAuAuOH ++Û  
--- ++Û IAuIAuAuI 223 42  

--- ++Û SCNSCNAuAuSCNAu 2)(2)(3 42  

OHOOHAuOHAu 222 5.025.0)( +++Û -- * 
--- ++Û 2

32
5
432

3
232 2)(2)(3 OSOSAuAuOSAu  

--- ++Û 2
3

5
43

3
23 2)(2)(3 SOSOAuAuSOAu  

--- ++Û CNCNAuAuCNAu 2)(2)(3 42  

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

 

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

The tin electroplating setup is the same as that used for copper electroplating, the only 
difference being that the copper anode and copper plating solutions are instead replaced by 
their Sn counterparts. In the tin electroplating bath, during the process, tin cations (Sn2+ or 
Sn4+) combine with the electrons at the cathode (wafer to be plated) after which they return 
to the zero valence state and form tin deposition at the cathode. 
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3.3.3 AuSn solder bump fabrication 

The process flow used for fabrication of Au80Sn20 solder bumps is illustrated in Fig. 
3.13. At first, the electroplating adhesion layer and seed layer are deposited onto the wafer 
by evaporation. In the author’s work, the adhesion layer used is 10 nm chrome, and the seed 
layer is 100 nm gold. Then the plating mold is formed by a patterned photo resist. In this 
case, since no complicated topology is involved, a positive photo resist (AZ4562) is used. 
The photo resist thickness should be at least equal to the designated bump height. 

After the seed layer and plating mold are prepared, first the gold structures are 
electroplated using the gold plating bath at a temperature of 60 oC and the current density of 
120 mA/cm2. These electroplating conditions result in a gold plating rate of around 
1.5 � m/min. Then, tin is plated on top of the plated gold using the tin plating bath. This time, 
the bath temperature is kept at 55 °C, and the current density at 120 mA/cm2. The resulting 
tin plating rate is around 1.2 � m/min.  

After tin plating, the photoresist mold is removed in acetone. Finally, wet etching is used 
to remove the gold seed layer and chrome adhesion layer. The chemical solution used for 
gold etching is KI (115 g): I2 (65 g): water (100 mL). For the chrome etching, 
HCl : water=3 : 1 solution is used. SEM pictures on the plated Au80Sn20 bumps are shown 
in Fig. 3.14. 

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

TAm ××= r  
T

m
A

×
=�

r
 

Au

Sn

Sn

Au

Sn

Au

m

m

T

T
x

r
r

×==� , (3.4) 

with T being the film thickness; A is the bump area; m is the mass; �  the density 
(� Au = 19.3 gcm-3, � Sn = 7.3 gcm-3); and x the film thickness ratio. Based on Eq. 3.4, in order 
to achieve Au80Sn20, the gold/tin thickness ratio has to be 1.5. 

If the tin electroplating step is skipped, the same processing sequence can also be used to 
fabricate pure gold bumps. Gold bumps can be used in welding, such as ultrasonic bonding 
and thermal compression bonding. 
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(a)

(b)

(c)

(d)

(e)

(f)
 

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

 

 
(b) 

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

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

The gold plating, in general, provides gold structures with internal mechanical stress. It 
has been reported that this stress can reach the GPa range. With such large internal stress, the 
photo resist mold can be easily cracked (see Fig. 3.15). The stress formation mechanism can 
be summarized as follows: as the chromium atoms from the underlying film diffuse into the 
gold layer along grain boundaries by heating, the gold grains grow thus changing the 
structure of the layer and its electrical and mechanical properties. Moreover, the underlying 
chromium film is exposed to the oxygen generated in the plating process (refer to Table 
3-III), and the chromium oxidizes into Cr2O3. In spite of the small overall thickness of the 
chromium layer, this physical and chemical change in the chromium layer may contribute 
noticeably to the total stress change of the multilayer, which is due to the high internal stress 
of the chromium layer [3.52].  

 

3.3.5 Electrical resistivity 

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

The electrical resistance of each structure is measured using a 4-probe method. The 
resistance of the AuSn solder bump can be calculated as: 

N
RR

R BA
bump

-
= , (3.5) 

where Rbump is the bump resistance; RA, RB is the resistance of structures A and B (see 
Fig. 3.16), respectively; and N is the number of bumps in the electrical path. Using this 
method, the electrical resistivity of the fabricated AuSn bumps of 189 ��� cm is measured. 
Similarly, when the tin electroplating step is skipped, the electrical resistivity of fabricated 
gold bumps of 119 ��� cm is measured. 
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(a) 

 
(b) 

Fig. 3.15  Stress generated in the gold plating process may crack the photo resist mold and 
ruin the plating process: (a) before; and (b) after the photo resist removal. 

 

Cracks in the PR 

Bubbles generated in plating 

Au plating underneath the PR mold 



66 Hybrid Wafer-Level Packaging for RF-MEMS and Optoelectronic Applications 

Dummy Chip with 
unpatterned Au layer

Si

(a)

(b)

Au

Au80Sn20 Bump

Si

Cr

Au
Cr

Au
Cr

Si

SiO2

SiO2

SiO2

 

Fig. 3.16 The structures used to study the electrical resistivity of the AuSn bumps: (a) 
flip-chip connected metal lines; (b) a reference metal line without flip-chip. 

 

3.3.6 Tensile bond strength testing 

After the electrical resistivity study, the flip-chipped structure is placed in a pull test set 
up in order to study the tensile strength of the Au80Sn20 solder bumps. Table 3- IV lists the 
detailed information on the bumps in the pull test. 

Table 3- IV  Characteristics of the chip with Au80Sn20 bumps for pull test. 

Chip size  
(mm2) Bump count 

Bump height  
(� m) 

Bump diameter 
(� m) 

5x6 28 15 30 

 

The pull test was performed on a Zwick 1474, which is a universal test machine (see 
Fig. 3.17). The test was accomplished by first fixing a pull stud to the chip stack using 
epoxy. The other end of the stud was inserted into the test machine and secured with a 
hardened steel gripper fixture. A load was then progressively applied through the stud to the 
specimen. The load generated by the machine was recorded with a computer while the 
machine slowly pulled the chip stack along its tensile direction. With this setup, the average 
measured tensile strength of the chip stack is around 36.4 MPa. This measurement result is 
far below the in literature recorded value of 198 MPa [3.53]. This discrepancy can be 
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explained by considering the fact that in the author’s measurements, a relatively large 
number of bonded solder bumps (i.e., 28) were measured in parallel, and any 
non-uniformities in the sample geometry result in a non-uniform load distribution between 
the individual solder bumps. Furthermore, by examining the samples using SEM, it is found 
that the majority of the bumps (26 out of 28 bumps) are broken on the bonding chip side, 
underneath the chromium layer. There is no structural failure found (see Table 3-V). This 
result may suggest that the bonding strength of the Au80Sn20 reflow bonded flip-chip stack 
exceeds the adhesion strength of chromium to silicon oxide. It can be safely concluded the 
tensile strength of such solder bumps is larger than 36 MPa. 

  

 

Fig. 3.17  The Zwick 1474 pull test system used for mechanical characterization of the 
AuSn solder-reflow bond strength. 
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Table 3-V  Pull test results. 
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3.3.7  Conclusions 

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

The TSV filling with copper forms a low-resistivity through-silicon interconnect which 
enables hybrid wafer-level packaging, MEMS or RF-MEMS device packaging. In this work, 
Cu-filled TSVs with a diameter of less than 50 µm and aspect ratio of more than 5 : 1 were 
successfully demonstrated. The developed processing module is based on a two-step 
electroplating and one CMP step. In the first electroplating step, which is performed on the 
wafer front side after the upper part of DRIE-formed TSVs is covered with a seed layer, a 
copper plug in the via and front-side copper structures in a photo resist mold are formed. In 
the second step, the wafer is turned back side up and the TSVs are filled in a bottom-up 
approach. The copper plug formed in the previous step serves as a seed. The overplating 
features occurring only on the wafer back side are then removed in a CMP step. The RF 
characterization of RF-MEMS device wafer-level packaging with copper through-wafer 
interconnect is presented in Chapter 5. 

Solder bumps are one of the key elements in modern flip-chip packaging technology. 
The solder bump made by gold/tin or gold alone shows low electrical resistivity and 
relatively high bonding strength. These properties make it a preferred option for 



 Electroplating in Packaging Applications 69 

optoelectronic device packaging. In this work, sequential Au/Sn plating in a resist mold on 
an Au/Cr seed/adhesion layer was successfully used for Au80Sn20 solder-bump formation. 
The application of solder bumps in an optoelectronic assembly is discussed in Chapter 6. 
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Chapter 4  

ADHESIVE BONDING IN WAFER-LEVEL 

PACKAGING  

 

4.1 Introduction 

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

 

Fig. 4.1  A SEM image of a 3 x 3 mm2 wafer-level package (Tessera’s Shellcase package). 
Wafer-level adhesive bonding of glass to silicon is used to form a protective 
glass-silicon-glass sandwich. 
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Bonding at the wafer level is a fabrication process that has been industrially tested. The 
available bonding techniques used for industrial or research applications can be classified as: 
silicon fusion bonding [4.1], low temperature direct bonding [4.2], anodic bonding [4.3], 
eutectic bonding [4.4], glass-frit bonding [4.5], and adhesive bonding [4.6-4.9]. 

Silicon fusion bonding is based on polymerization of silanol (Si-OH) bonds into 
siloxane (Si-O) bonds, which requires processing at high temperatures (usually 800-1100 oC). 
The allowable surface roughness to achieve a reliable bonding is rather restrictive, i.e., 
micro-roughness of less than 4 nm and bow of less than 5 µm is typically required [4.1]. 
Such strict requirements and a high thermal budget will naturally limit the applications where 
this technique can be used. Low temperature direct silicon wafer bonding is a process 
developed recently where a plasma treatment is used just before the bonding step to activate 
the wafer surface [4.10]. The bonding temperature can be significantly decreased 
(200-400 oC) but the bonding quality is influenced by surface roughness, particles present on 
the surface, and the planarity of the wafers.  

Anodic bonding is a well established process in the MEMS industry. The bonding 
temperature is in the range of 300-450 oC and the process requires again a good quality 
surface. However, the high electrical field involved (700-1200 V) in the bonding process 
may seriously affect electrical circuits in the bonded devices. Moreover, this technique 
utilizes sodium-rich glass, such as Corning #7740, in which the mobile Na+ ion is a 
well-known contamination source for the modern IC manufacturing.  

Eutectic and glass frit bonding are another low temperature processes. Eutectic bonding 
is a technique with a reduced yield which is very sensitive to contamination [4.4]. Glass frit 
bonding is starting to be used in industry as an alternative to anodic bonding especially due 
to its relatively low cost. It is, however, considered to be a “dirty” process and for this reason 
is less attractive for substrates containing active circuitry. 

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

In terms of conductivity, adhesives can be classified as nonconductive (non-conductive 
adhesive or NCA) or conductive (electrical conductive adhesive or ECA). In general, ECAs 
are formulated by mixing polymeric resins (such as epoxies, silicones, and polyimides) and 
metallic fillers. The most popular fillers are silver (Ag) flakes, which generally have a thin 
layer of organic lubricant on their surface to improve their dispersion. In general, conductive 
adhesive pastes have a high resistance before cure. The adhesives can achieve high 
conductivity after they are cured [4.11-4.13], which is due to the increased contact area 
between the metal particles achieved by the internal stress of the cured polymer. 

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

Substrate

Substrate

Bump

Metal filler

Substrate

Substrate

Bump

Metal filler

ACA

ICA
 

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

An NCA does not contain metal fillers, so it does not have electrical conductivity at all 
times. However, because of its low curing temperature and good bond strength, the NCA is 
still an interesting solution for some WLP applications. As one example of the NCA, SU-8 is 
attractive for WLP, since it is a photo-definable polymer and its bonding process does not 
involve either high temperature steps (< 120 oC) or any electric fields. Also it is much less 
sensitive to the surface condition of the bonding substrates. 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 conductive and non-conductive adhesives 
are discussed. For the conductive adhesive WLP, the ECA bonding is characterized 
electrically and mechanically. For the non-conductive adhesive WLP, a novel wafer bonding 
technique for MEMS device packaging using contact-printed SU-8 is developed and 
characterized. 

4.2 Electrically Conductive Adhesives in Wafer-Level 
Packaging 

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

Table 4-I  Properties of an epoxy-based electrically conductive adhesive CE3103 WLV 
[4.15]. 

Property Unit Typical value 
Viscosity at 25 oC Pa.s 15-25 

Silver content wt % 76 
Volume resistivity Ohm.cm 9 x 10-4 

Glass transition temperature (Tg) 
oC 114 

Coefficient of liner thermal 
expansion (CTE) 

ppm 45 (below Tg) 
ppm 225 (above Tg) 

Cure time 
min 10 (at 120 oC) 
min 3 (at 150 oC) 



 Adhesive Bonding in Wafer-Level Packaging 75 

The application of the CE 3103 WLV adhesive in RF-MEMS WLP is presented in 
Chapter 5. In this section, the electrical conductivity and 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 spin-coat ECAs as a photoresist. The most 
often used coating methods for ECAs are: stencil printing, pin transfer (dipping) and 
syringing [4.11]. In this study, the stencil printing method was used to apply CE3103 WLV 
onto silicon substrates. The process flow of stencil printing is shown in Fig. 4.4. 

At first the ECA stencil (aluminum foil, thickness 10 � m) is aligned manually and 
attached onto the silicon substrate. The ECA is then applied on the redundant area of the 
stencil. By scraping with a blade, the ECA is filled into the trenches in the stencil. After 
curing the wafer at 120 oC for 20 min, the ECA is ready for testing.  
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Fig. 4.4  ECA stencil printing: (a) stencil attached to the silicon substrate; (b) ECA applied 
onto the stencil; (c) ECA filled in the stencil hole by using a blade; (d) stencil removal and 
curing. 

4.2.2 ECA electrical resistivity 

As discussed earlier in this chapter, ECA is composed of an epoxy matrix and metal 
fillers. The mechanism of making the ECA electrically conductive is to bring the metal filler 
particles in the epoxy in contact to form the electrical path, by means of curing and applying 
external pressure [4.14, 4.16-4.19]. In this section, the ECA resistivity dependency upon  
the curing temperature and bonding pressure applied are studied. 

In this study, an ECA flip bonded “chip stack” is used (see Fig. 4.5). The “chip” is made 
of FR4 (PCB) covered with bondable gold. The ECA (CE3103 WLV) is coated onto one end 
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of one piece of the FR4 chip by stencil process. The coated ECA area is 5x5 mm2. Two wires 
are then soldered onto the other end of the FR4 chip. After bonding these two FR4 chips, the 
measured chip stack is glued, using thermal conductive paste, onto a metal block onto which 
a Pt100 temperature sensor is mounted for reading out the actual temperature. 
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Fig. 4.5  CE3103 WLV bonded FR4 chip stack for the study of the ECA cure conditions 
(temperature and pressure). Drawing not to scale. 

The experiment was carried out in a computer controlled oven. The electrical data were 
read out by the HP34901A data acquisition unit and collected by LabVIEW. 

A) Resistivity vs. cure temperature. 

By stabilizing the temperature at each measurement point for 10 min, the cure 
temperature was slowly raised from room temperature to 150 oC. The measured ECA 
resistivity as a function of the cure temperatures is plotted in Fig. 4.6.  
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Fig. 4.6  CE3103 WLV electrically conductive adhesive resistivity (5 mm x 5 mm, thickness of 
10 µm) change during curing with and without an applied external bonding pressure of 
800 kPa. The temperature was increased from room temperature up to 140 °C in increments 
of 10 °C. At each step the temperature was stabilized for 10 min. 
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It is clear from Fig. 4.6 that the resistivity of the ECA is strongly dependent on the cure 
temperature. At low temperatures, <90 oC in this case, the ECA exhibits high resistivity that 
is in the ohm range. The resistivity decreases with the rising cure temperature up to about 
110 oC, at which point the ECA resistivity falls into the micro-ohm range. This is due the 
shrinkage force of the epoxy which compresses the metal fillers. The resin, during the 
thermal cure, shrinks and causes closer contact between the Ag flakes yielding a dramatic 
drop of particle-to-particle contact resistance. This result confirms that for this type of ECA, 
a cure temperature of at least 110 oC for 10 min is required to guarantee a sufficiently low 
electrical resistance. 

B) Resistivity vs. bonding pressure. 

The above-discussed experiment was repeated by applying an external pressure onto the 
top FR4 chip. The applied pressure was around 800 kPa. The resistivity measurement results, 
with and without external pressure applied, are plotted again in Fig 4.6. The achieved results 
are consistent with the measurements published in [4.14] and show that by applying a 
relatively low external pressure during curing, the ECA resistivity slightly decreases, but the 
difference with the results obtained without any external pressure applied is not very 
significant.  

4.2.3 Tensile bond strength 

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

The tensile bond strength results are shown in Fig. 4.7. First of all, it can be observed 
that the cure temperature has a significant impact on the final bond strength. Therefore a 
proper curing is essential in achieving a strong bond. 

Furthermore, it can be seen that the bond strength of the CE3103 WLV adhesive is, in 
general, lower than the bond strength of the Au80Sn20 solder bumps presented in Chapter 3. 
This is due to the CE3103 WLV composition. In adhesives, what promotes the bond strength 
is the epoxy. In CE3103 WLV, however, the majority of the material consists of metal fillers 
(Ag flakes) that do not contribute to the bond strength. Hence, the CE3103 WLV, as well as 
other types of ECAs, shows a lower bond strength. 

 

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

Sample Cure temperature 
(oC) 

Bonding pressure 
(kPa) 

A 120 0 

B 120 800 

C 150 0 

D 150 800 



78 Hybrid Wafer-Level Packaging for RF-MEMS and Optoelectronic Applications 

��������
��������

�������� ��������

��

������

��

������

��

������

��

������

��

������

�$ �% �& �'
�6�D�P�S�O�H

�%
�R

�Q
�G

���
V

�W
�U

�H
�Q

�J
�K

�W
���

��0
�3

�D
��

 

Fig. 4.7  ECA tensile bond strength test results. 

4.3 Nonconductive Adhesives in Wafer-Level 
Packaging 

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

In this work, a WLP solution for MEMS devices by using contact printed SU-8 is 
proposed. SU-8 (Microchem Corp.) is a negative, epoxy-type, near-UV photoresist based on 
EPON SU-8 resin. The resist has been developed for applications requiring high aspect ratios 
in very thick layers. The important property that makes the SU-8 suitable for thick resist 
applications is its very low optical absorption in the near-UV range. This leads to uniform 
exposure conditions as a function of thickness and allows patterning of the SU-8 layers up to 
few hundred micrometers. 

In the proposed packaging solution, a glass wafer is used as the capping substrate that 
facilitates easy wafer-to-wafer alignment and bonding quality inspection; patterned SU-8 is 
used as a spacer to accommodate the MEMS device; a layer of uncured SU-8 is applied onto 
the top of the SU-8 spacer by contact printing for wafer-to-wafer bonding. With this solution, 
which is illustrated in Fig. 4.8, all the packaging processes are carried out on the capping 
substrate in order to avoid contamination of the MEMS devices. The entire packaging 
sequence exhibits a low temperature budget, high bond strength and easy processing. In this 
section, this solution is discussed in detail. 
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Fig. 4.8  The proposed MEMS device packaging solution based 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 flow based on the SU-8 contact printing 
technique. As the capping substrates, AF-45, 4-inch diameter, sodium-free glass wafers with 
a thickness of ~300 � m are used. In order to promote the adhesion, the glass wafers are first 
cleaned in an HNO3 bath. Subsequently, just before coating, the wafers are annealed at 
200 oC for 10 min in an oven to remove any moisture. A layer of SU-8 is then spin-coated to 
form the MEMS accommodating spacer (see Fig. 4.9a). In this study, three different SU-8 
spacer thicknesses (~40, ~60 and ~80 µm) were tested with corresponding spin rates varying 
from 1200 to 1800 rpm. After a soft bake at 95 oC for 10 min, the SU-8 was patterned using 
UV exposure to define the test structures (see Fig. 4.9b).  

When the SU-8 spacer is defined, the same type of SU-8 is contact-printed onto the top 
of it by a roller (see Fig. 4.9c) and aged for 10 min at room temperature. This printed SU-8 
layer is about 4-8 mm thick and acts as an intermediate adhesive layer in the subsequent 
wafer-to-wafer bonding. During the bonding sequence performed in a wafer bonder, the 
printed glass wafer is first aligned and then pressed onto the device wafer (see Fig. 4.9d) 
under a pressure of 200 kPa applied for 5 min. A UV exposure step (350 mJ/cm2, 10 min) is 
then employed from the glass side of the bonded wafer stack to cross-link the printed SU-8. 
The following baking step (60 min) further cross-links the printed SU-8 in order to improve 
the bond strength (Fig. 4.9e). The influence of the bonding temperature on the final bond 
strength was evaluated. An overview of the bonding parameters used in the evaluation is 
listed in Table 4-III. 

Table 4-III List of conditions evaluated in the bonding experiments (SU-8 thickness and 
bonding temperature). 

SU8 thickness (� m) 40 60 60 60 60 80 
Bonding temperature (oC) 120 95 105 120 135 120 

Fig. 4.10 shows a photograph of a fabricated glass substrate with a contact-printed SU-8 
layer on top of the test spacer patterns. The test patterns, serving as the SU-8 spacers, are 
composed of different test structure with different pattern density for the tensile bond 
strength testing. 
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Fig. 4.9  Schematic process flow of SU-8 contact-printing wafer bonding (drawing not to 
scale): (a) an SU-8 layer spin coated on the glass substrate; (b) SU-8 exposure with UV light, 
development and baking; (c) SU-8 contact-printing with a roller on top of the defined SU-8 
spacer; (d) alignment and bonding to the silicon substrate 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 capping glass substrate bearing tensile bond 
strength test patterns. 

4.3.2 Process related issues 

A) SU-8 pattern transfer resolution 

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

Since SU-8 is a negative tone photoresist, after its development, the exposed area 
remains and the non-exposed is removed. The major problem in achieving high spatial 
resolution in SU-8 patterning is the difficulty in completely developing the photoresist all the 
way to the bottom of the trenches. If the trenches are tall and narrow, it is difficult for the 
photoresist developer to reach the bottom of the trench, dissolve the unexposed resist and 
then be replaced with a fresh developer to complete the process. Regular stirring methods are 
ineffective and aggressive methods can damage the structures. In addition, diffraction and 
stray light can lead to sloping sidewalls and overexposed areas, and exposure in undesired 
locations. Especially, when dealing with thick SU-8 layers, the trench width plays an 
important role. Fig. 4.11 shows a fabricated sample with a 60-µm thick SU-8 layer after its 
development with trenches of the following widths (from left to right): 5, 10, 15, 20, 25, 30, 
50 and 75 µm. It can be observed that trenches a, b and c, which are 5, 10 and 15 µm wide, 
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respectively, are still fully blocked. Trenches d, e and f, which are 20, 25 and 30 µm wide, 
are partly open. Only trenches g and h, which are 50 and 75 µm wide, are well defined down 
to the trench bottom. These results indicate that a packaging cavity formed in a 60 µm thick 
SU-8 layer should not be smaller than 50 x 50 µm2. 

 

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

B) Post exposure bake vs. cracks 

According to Table 4-III, the SU-8 used for making the spacer is thick. When processing 
thickness photoresist, the baking step is important to avoid cracking in the photo. In this 
process flow, there are several baking steps: baking after SU-8 coating, baking after exposure 
and baking after development. It was discovered that the post-exposure bake (PEB) is 
directly related to the coated SU-8 quality. It was further noticed that a slow temperature 
ramping up and cooling down is essential for the PEB step in order to relax the stress in the 
SU-8. The stress generated by the SU-8 itself can easily crack 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 found trapped in the SU-8 spacer layer 
(see Fig. 4.73). Since the effective bonding area is reduced due to the existence of the 
bubbles, the bond strength decreases. These bubbles originate mainly from the pouring of the 
SU-8 onto the glass wafer for spin coating. Idling before spin coating, normally > 2 hours, 
helps to drive those bubbles out of the resist and produce a smooth bubble-free SU-8 layer.  
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(a) 

 
(b) 

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

 

 
Fig. 4.8 SEM picture of a corner of the bonded sample 

D) SU-8 in the cavity 

In Fig. 4.7, it can also be observed that there is a ‘skirt’ around the bonding structure in 
the cavity formed by the SU-8 spacer. This was further inspected using a SEM; the obtained 
SEM micrograph is shown in Fig. 4.84. Since the printed SU-8 is still viscous before curing, 
even though most of the solvents in SU-8 are expected to evaporate quickly, during the wafer 
bonding process this printed layer of SU-8 can still be squeezed out of the bonding area into 
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the cavity and form a skirt around the bonding structures. This skirt is clearly visible in Fig. 
4.8 and can extend up to few µm. This has to be taken into consideration during the package 
design.  

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

4.3.3 Tensile strength measurements 

After wafer bonding, the bonded wafer is diced for a tensile strength test. Using the 
same measurement methodology discussed above, SU-8 bonded chip stacks were 
characterized using a pull test. The measurement results are presented and discussed here. 

A) Bond strength vs. bonding temperature 

The tensile bond strength measurements taken from the bonding temperature variation 
(with a fixed SU-8 thickness of ~60 µm) are plotted in Fig. 4.9 and summarized in Table 
4-IV. Firstly, it can be observed that the average bond strength increases with the increasing 
bonding temperature. Above 105 °C, however, the average bond strength does not 
significantly change. This may suggest that the printed SU-8 can be fully cross-linked and 
reach its maximum bond strength, which is 20.9 MPa, at ~105 °C. Similar results are also 
reported by [4.22]. For redundancy, curing at 120 °C would be sufficient to obtain the 
maximum SU-8 bond strength. This temperature is acceptable for all the applications of 
VLSI, sensors or MEMS devices. Further, it can be noticed that the data fluctuation in 
Fig. 4.9 and in Table 4-IV is rather large. After careful investigation, it was discovered that 
this is mainly due to the air bubbles in the SU-8 spacer.  
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Fig. 4.9  Results of die-level tensile strength measurements showing the influence of the 
bonding temperature (SU-8 thickness, ~ 60 µm). 
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Table 4-IV Results of tensile strength measurements vs. bonding temperature (SU-8 
thickness: 60 µm) 

Bonding temp. (oC) 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 the SU-8 thickness variation (at a fixed 
bonding temperature, 120 °C) are plotted in Fig. 4.10 and summarized in Table 4-V. In this 
plot, there is no clear dependence of the bond strength on the SU-8 thickness. This may 
indicate that the SU-8 thickness does not affect the bond strength in this process. Similar to 
Fig. 4.9, a large data fluctuation is observed. As discussed in the previous section, this may 
be strongly related to the bubbles trapped in the printed SU-8. 
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Fig. 4.10 Results of die-level tensile strength measurements showing the influence of the SU-8 
layer thickness (bonding temperature 120 oC). 

 
Table 4-V Results of tensile strength measurements vs. SU-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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Fig. 4.11  Failure mode analysis: a) illustration of how some of the samples are broken; b) 
glass side of a broken sample (the background texture is the surface of the sample holder); c) 
silicon side of the same sample. 

b) 

c) 
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C) Failure mode analysis 

After the tensile strength tests, some samples were further inspected to investigate the 
typical failure mode. The inspections show that most of the samples are broken at the 
interface between SU-8 and the glass substrate; some are broken at the interface between the 
SU-8 and the silicon substrate. Furthermore, there is no failure in the SU-8 (cohesive failure) 
found in this experiment. This suggests that the bonding strength between the printed SU-8 
and the pre-patterned SU-8 bonding structure is stronger than the SU-8 adhesion to the 
substrates. This indicates that the failure mode of this packaging technique is mainly 
adhesive. This also explains why the bond strength does 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 applications has been presented. Adhesives 
for wafer-level packaging can be classified as ECA and NCA, depending on their electrical 
conductivity. In general, adhesive bonding in WLP applications provides a low bonding 
temperature, has low requirements on the surface quality of the to-be-bonded substrates, does 
not require any high electric field, etc. All of these favorable properties make adhesive WLP 
a popular research topic today and a promising industrial production practice. 

In this chapter, both the ECA and NCA were discussed. ECA, represented by CE3103 
WLV in the author’s work, shows cure temperature and bonding pressure-dependent 
electrical conductivity. This is mainly because these two conditions may help to reduce the 
contact resistance of the metal fillers in the ECA. The bond strength of the ECA is not as 
high as some other bonding techniques, such as the solder bumps discussed in Chapter 3. It, 
however, still can be a very useful technique in applications where the bond strength is less 
critical but the bonding temperature is important. The application of ECA in RF-MEMS 
device WLP is discussed in Chapter 5. 

The application of SU-8, as an NCA, in MEMS device packaging is presented as a 
preliminary study. In this part, the SU-8 contact-print process for MEMS device packaging 
was discussed in detail. In this process, SU-8 was used twice: as a MEMS accommodating 
spacer and also as adhesive material. The latter function was realized using contact-printing 
of the thin SU-8 layer with a roller onto the top of the pre-patterned SU-8 spacer. With this 
process, the SU-8 stress impact on the MEMS structures can be greatly reduced. The 
maximum bond strength (20.9 MPa) can be reached at 105 oC. This process allows low 
temperature and non-electric field WLP and is particularly suitable for sensors and MEMS 
packaging. 
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Chapter 5  

HYBRID WAFER-LEVEL PACKAGING OF 

RF-MEMS  DEVICES 

 

5.1 Introduction 

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

It needs to be mentioned that the work presented in this chapter was done in close 
collaboration with J. Iannacci from Università degli Studi di Bologna. The author focused 
mainly on the fabrication process development and sample fabrication and characterization. 
For the sake of completeness, some of the modeling and simulation results achieved in 
collaboration with J. Iannacci are also included [5.3]. 

5.2 Hybrid Wafer-Level Packaging 

Of the many possible techniques, the wafer-level packaging (WLP) approach has 
demonstrated to be an interesting option for RF-MEMS device packaging. In general, it is 
challenging to provide appropriate protection and easy signal access to the RF-MEMS device 
simultaneously. Usually, this is done by rerouting the electrical interconnect from the device 
wafer front-side to its backside via a through-wafer interconnect, and bonding the capping 
substrate to the front-side of the device wafer. Thus, the bonded system can be accessed 
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electrically at the backside of the device wafer. The drawback of this solution is that a great 
deal of the area on the device wafer is occupied by the through-wafer interconnect. 
Consequently, this increases the manufacturing complexity and thus its cost. On the other 
hand, the RF-MEMS technology often involves so-called ‘dirty’ processes, e.g., KOH 
etching, Au metallization, etc., which are not compatible with the standard IC cleanroom 
technology used for making the control or communication circuitry of the RF-MEMS 
devices. Thus, it is normally necessary to divide the RF-MEMS system into two parts—the 
MEMS part and the circuitry part—and process these two parts in different process lines. 
Normally, after the circuitry part is finished, with proper protection for the circuitry area, the 
MEMS part is processed. This approach also increases the manufacturing cost and process 
complexity of the device wafer [5.2]. 

In this chapter, a novel hybrid RF-MEMS packaging solution is presented. In this solution, 
a capping substrate with a copper-filled through-wafer interconnect and recesses 
accommodating the RF-MEMS structures is bonded onto the RF-MEMS device wafer using 
either solder reflow or electrically conductive adhesives, depending on the requirements of 
different applications. With this solution, the protection and the signal access to the 
RF-MEMS device is realized in one single step and, at the same time, the design and process 
complexity and cost of the device wafer is reduced. An important aspect of this solution is 
the possibility to include through-substrate cavities for aligned insertion on the die-to-wafer 
level of the control IC chips, resulting in a hybrid WLP. After completion of the packaging 
process on the wafer level, singulation into individual dies is performed resulting in a 
surface-mount technology (SMT) compatible component. This solution is schematically 
shown in Fig. 5.1.  

 

 

Fig. 5.1  Proposed wafer-level packaging solution for RF-MEMS applications. A 
high-resistivity silicon capping wafer containing a through-wafer electrical interconnect and 
cavity is bonded to the RF-MEMS wafer. Additional ICs are 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 packaging solution, coplanar waveguides (CPWs), 
instead of real RF-MEMS devices, were used. This choice was made mainly because the 
influence of the capping substrate can easily be interpreted when applied to structures with a 
simple frequency response. However, there was also a practical reason. In the package 
process development where several trials are necessary for optimization, it was preferable to 
use simple test structures without the need to sacrifice actual RF-MEMS devices. Plated gold 
was used as the finishing metallization layer in which the contact pads for solder reflow 
bonding to the capping wafer were defined. A high resistivity 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 which is duplicated over the silicon 
wafer. The design of these structures as well as of the capping substrate were performed 
within the Agilent ADS© environment [5.4]. Moreover, the optimization of the CPW’s 
design to reach the 50 �  matching and a preliminary investigation of the capping influence 
on the electromagnetic behavior of such structures were done with the ADS Momentum©. 
Design examples of a CPW and short including the capping part in ADS are respectively 
shown in Fig. 5.2 and Fig. 5.3.  

 
Fig. 5.2  A 50�¥  CPW designed with Agilent ADS©. The two ports for the S-parameters 
simulation are visible. 

 
Fig. 5.3  A short designed with Agilent ADS©. The port for the S-parameters simulation is 
visible. 
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This design aims to achieve several goals. First, all the basic RF behavior related process 
parameters are to be optimized, such as TSV diameter, substrate thickness, bump height, etc. 
Secondly, since the proposed packaging solution introduces new elements that are not 
original parts of the RF-MEMS, the influence of the new elements on the RF performance of 
the packaged system is inevitable. With the designed CPWs, the influence can be easily 
studied. Thirdly, the processes of fabricating the capping substrate and wafer bonding can be 
determined and optimized. 

In the MEMS or RF-MEMS device packaging, minimum influence from the packaging 
elements is always desired. Based on the above mentioned process- and layout-related 
parameters, a fully parameterized model of a packaged transmission line was implemented in 
Ansoft HFSSTM [5.5] prior to actual fabrication in order to identify the optimum combination 
of all the available process parameters.  

In the optimization work, all the elements of the package fabrication process that can be 
modified are included. These are modified in the automated (parametric) simulations within 
ranges that are practical in the envisioned process. The observation of the results allows the 
influence of each variation to be recognized for the reflection and transmission parameters 
for each technology degree of freedom (DoF), which will lead to the definition of guidelines 
to be followed in order to reach the optimum design from the point of view of the 
electromagnetic losses and mismatch reduction. The schematic view of a capped CPW 
module built in Ansoft HFSSTM is shown in Fig. 5.4. 

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

 
Fig. 5.4  The package module (a capped CPW) built in Ansoft HFSSTM. The capping 
substrate was rendered invisible to obtain a plain view of both the underlying CPW and as of 
the vertical TSVs. 

Table 5-I  The simulation parameter values used in Fig. 5.5 and Fig. 5.6. 
Transmission line Capping 

substrate 
thickness 

(� m) 

Frequency 
(GHz) Length 

(� m) 

Width (� m) Spacing 
(� m) Ground Signal 

2000 900 150 30 350 15 
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Fig. 5.5  Reflection parameter (S11) for the two DoFs optimization performed at 15 GHz 
with the parameterized model in Ansoft HFSSTM. 

 

Fig. 5.6  Transmission parameter (S21) for the two DoFs optimization performed at 15 GHz 
with the parameterized model in Ansoft HFSSTM. 
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In Fig. 5.5 and Fig. 5.6, two technology DoFs—the via diameter and the resistivity of 
the silicon substrate employed for the capping part fabrication—are evaluated. Both these 
DoFs are reported on the x-y plane, while the reflection and transmission parameters are 
reported on the z axis. Diameter ranges between 10 � m and 100 � m are compatible with the 
proposed process. In terms of the second DoF, silicon wafers with various resistivities are 
available. The simulation was performed with substrate resistivity values ranging from 
15 � cm (low resistivity silicon—LRS) up to 4 k� cm (HRS).  

Fig. 5.5 shows that lower values of the reflection parameter (S11) are achieved by using 
a smaller via diameter and the LRS (15 � cm). For instance, the S11 parameter is �16.1 dB 
and �13.6 dB at 15 GHz for the via diameter of 10 � m and 40 � m, respectively. This 
somewhat unexpected result is in fact a false optimum as it is shown from the analysis of the 
S21 parameter. More appropriately, a small S11 parameter is also observable when a large 
via diameter (over 60 � m) and a high resistivity silicon substrate are employed (1�4 k� cm). 
Indeed, for the 2 k� cm substrate, the reflection parameter ranges between �13.4 dB and 
�16.5 dB at 15 GHz with the via diameter increasing from 60 � m up to 100 � m.  

The same analysis for the transmission parameter S21 is shown in Fig. 5.6. Here, it can 
be concluded that the poorest values are obtained for small vias etched in an LRS substrate. 
In general, the 15 � cm silicon must be avoided, since when it is used the S21 parameter 
ranges between �12.3 dB and �8.1 dB at 15 GHz for via diameters from 10 � m to 100 � m, 
respectively. This complies with the presence of substrate losses due to eddy currents 
surrounding the vias. On the other hand, high transmission parameter values are achieved for 
the HRS substrate (1�4 k� cm) in combination with large vias (above 60 � m). For instance, 
the value falls into the interval from �1 dB to �0.64 dB at 15 GHz for via diameters ranging 
between 50 � m and 100 � m, when a 2 k� cm silicon substrate is employed.  

Table 5-II  List of the simulated technology DoFs and their 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 
 

Bump height 
 

Losses and mismatch 
 

 

Eventually, the optimization of both the reflection and transmission parameters with the 
Ansoft HFSSTM shows that the best choice is represented by vias with a diameter of at least 
60 � m. With regard to the type of substrate, while the use of LRS is not an option, chosing 
the proper high resistivity substrate brings up a possible trade-off between the performances 
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and the costs. In this respect, since the benefits achieved in terms of S-parameters with very 
high ohmic substrates (3�4 k� cm) are not that large with respect to the 1 k� cm and 2 k� cm 
silicon wafers, the 2 k� cm wafer would probably be the most reasonable choice.  

With extensive simulations considering all the technology DoFs, the DOFs that exhibit a 
larger influence on the RF behavior of various capped CPW geometries are identified. These 
are listed in Table 5-II together with the trend of each in terms of additional losses and 
mismatch introduced by the capping part as a consequence of their increase. For instance, 
increasing the recess depth as well as the via diameter lead to a reduction of parasitics 
associated with the package, while the substrate thickness leads to an undesired increase of 
losses and mismatch. This allows the definition of the appropriate ranges, within which the 
package DoFs values should fall to reduce the package parasitics affecting the 
electromagnetic behavior of capped RF-MEMS devices.  

In defining these guidelines for the optimum design of the capping part, issues related to 
the technology are also accounted for. For example, a thin capping substrate leads to better 
RF performance. However, a trade-off arises with the mechanical strength of the cap itself, 
which lowers with its height. By accounting for this issue, the optimum package height is 
identified as falling between 250 and 300 � m, which is also a known good value for a 
mechanically reliable silicon substrate as described in Chapter 2. Some of the values of the 
optimized process DoFs are listed in Table 5-III. 

Table 5-III  Some of the simulation optimized process DoFs. 

TSV 
diameter 

(� m) 

Capping 
substrate 
resistivity 
(k� cm) 

Capping 
substrate 
thickness 

(� m) 

Bump 
diameter 

(� m) 

Bump 
height  
(� m) 

Recess 
depth  
(� m) 

Silicon 
oxide 

thickness 
(� m) 

60 2 250-300 50 15 100 2 

5.4 Process Flow 

A schematic fabrication flow of a capping substrate and its bonding to an RF-MEMS 
device wafer using an ECA is show in Fig. 5.7. In the fabrication of the capping substrate, 
wafer back recess is first etched by using a DRIE process. Then, TSVs and cavities for chip 
insertion are formed using the via-first technique described in Chapter 2. The subsequent 
copper electroplating process, described in Chapter 3, fills up the TSVs and forms the testing 
pads of the transmission line at the front-side of the capping substrate (see Fig. 5.8). 
Afterwards, gold solder bumps are fabricated (Chapter 3) at the backside of the capping 
substrate (see Fig. 5.9). The capping substrate is now ready for wafer bonding. In order to 
allow a wafer-alignment check, wafer-alignment windows are also fabricated in the capping 
substrate (Chapter 2).  

The device substrate, which is the one carrying the transmission lines to be measured, is 
fabricated by wet etching a gold/chromium layer, which is deposited by evaporation. 
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(b)

(c)

(d)

(e)

(a)

 

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

 
After applying the ECA on the bumps of the capping substrate, the capping substrate is 

aligned and pressed onto the device substrate. After the wafer-alignment check (refer to 
Chapter 4), the wafer stack is cured at 120 °C for 10 min in an N2 environment under 
12.5 kPa wafer pressure [5.8]. After cooling, the wafer stack is bonded at which pointit is 
ready for testing. Due to lack of a suitable wafer-to-wafer bonding tool at Dimes (i.e., limited 
bonding force range), only a part of the capping wafer, i.e., a four-died rectangular chip, was 
bonded onto the device substrate (see Fig. 5.10). The process of chip insertion into the etched 
through-substrate cavities was also tested and the result is shown in Fig. 5.11.  
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Fig. 5.8  Top view of the CPW on the capping substrate after CPW formation and TSV filling 
process by copper electroplating.  

 

 

Fig. 5.9  Solder bump formed at the capping substrate backside on top of the copper filled 
TSV after redundant copper polishing. 

Copper in the TSVs 
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Fig. 5.10  A demonstration of the proposed wafer-level packaging solution: (a) capping 
wafer (demonstrated by a four-died chip) with cavities used as the alignment check windows 
before bonding; (b) bonded to the device wafer (multi-project wafer).  

 

 

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

The capping substrate introduces additional components to the RF-signal path, i.e.,  
through-silicon vias, ECA transitions and measurement pads on the capping substrate. The 
fabricated samples containing CPWs, shorts and opens were characterized before and after 
application of the capping substrate to study its influence on their RF performance. 

  

Fig. 5.12  Experimental comparison of the S11 taken on a CPW before and after capping. 
 

 

Fig. 5.13  Experimental comparison of the S21 taken on a CPW before and after capping. 
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The measurement examples taken from a 1350 � m long CPW are shown in Fig. 5.12 
(reflection parameter, or S11) and Fig. 5.13 (transmission parameter, or S21). The full set of 
the measured CPW dimensions is given in Table 5-IV. As can be extracted from the 
S-parameters plots (Fig. 5.12 and Fig. 5.13), acceptable offsets are introduced by the package. 
For instance, the reflection parameter increase due to the capping is 9.24 dB at 10 GHz, 
while the transmission parameter decreases 0.11 dB at the same frequency. This suggests that 
an affordable influence can be expected of the proposed packaging methodology on the RF 
performances of capped MEMS devices within the explored frequency range.  

Table 5-IV  CPW dimensions of the RF measurement results given in Fig. 5.12 and 
Fig. 5.13. 

Length (� m) Thickness (� m) Width (� m) 
Spacing (� m) 

Device Sub. Capping sub. Device Sub. Capping sub. Ground Signal 
1350 200 0.5 32 300 116 65 

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

Table 5-V  CPW dimensions of the RF measurement results given 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 

1200 200 0.5 32 210 100 60 

 

 

 

Fig. 5.14  Experimental comparison of the S11 taken on a CPW before and after capping. 
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Fig. 5.15  Experimental comparison of the S21 taken on a CPW before and after capping. 

The RF measurement results from an uncapped and capped short are reported in 
Fig. 5.16 and Fig. 5.17. The offset of the reflection parameter referred to the capped short 
compared with the uncapped one is rather small (0.27 dB at 10 GHz). The analysis of the 
Smith chart of the S11 parameter shown in Fig. 5.17 indicates that an extra rotation occurs 
for the capped short reflection parameter with respect to the uncapped one. Indeed, the 
electrical signal has to travel through a longer path due to the vertical TSVs and top-side 
measurement pads. 

 

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

5.6 Validation of Simulation Results 

The validation of the simulation results of the electromagnetic behavior of a capped 
device obtained using Ansoft HFSS was performed by comparing the experimental data of 
capped CPWs with the simulation results of the same structures.  

Comparisons of the S11 and S21 for the capped CPW that was previously reported in 
Fig. 5.12 and Fig. 5.13 with the simulated results are reported in Fig. 5.18 and Fig. 5.19. The 
offset between the simulated and experimental data can be considered acceptable in the 
analyzed frequency range both concerning the reflection and transmission parameters. For 
example, the displacement is 2.84 dB for the S11 parameter, and 0.16 dB for the S21 
parameter, both at 12 GHz, respectively. More results and a detailed analysis can be found 
in [5.3]. 

When interpreting these results, some technology issues have to be taken into account. 
Certain process parameters, e.g., height of the ECA, are not well-controlled and in the 
simulations only an estimated value was used. Similarly, the thickness of the evaporated gold 
structures can vary. After these considerations it is possible to conclude that the HFSS has 
proven able to produce results which are in reasonable agreement with the experimental data. 
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Fig. 5.18  Comparison of the experimental S11 parameter already shown in Fig. 5.12 with 
the parameter predicted by Ansoft HFSSTM. 

 

 

Fig. 5.19  Comparison of the experimental S21 parameter already 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 around the bumps after the wafer-to-wafer 
bonding process. The redundant ECA might be the one being squeezed out of the bump 
region during bonding process or it might just be deposited outside the bumps during its 
application. As already discussed in Chapter 4, the ECA contains conductive particles, e.g., 
Ag. Such closely spaced conductive particles might represent a source of additional 
unwanted capacitive couplings at high frequencies. The Ansoft HFSSTM electromagnetic 
simulator was employed to carry out a preliminary study to assess to what level the presence 
of conductive particles can affect the RF behavior of capped MEMS structures. 

Simple test structures were chosen for this analysis, i.e., 50 �  CPW’s and opens. These 
were simulated in Ansoft HFSSTM introducing a layer of insulating material with a certain 
number of conductive spheres distributed within it. The percentage of conductive material 
with respect to the ECA volume was assumed to be in the range of 5�10 % [5.6]. Results of 
simulations for structures including the ECA layer were compared with the simulations of 
the same structures without it. Typical cases that can occur during the wafer-to-wafer 
bonding concerning the placement of the uncompressed ECA layer were taken into account. 

 

 

Fig. 5.20  Ansoft HFSS 3D view of the open with an uncompressed ECA layer in between the 
two ports. 
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The first analyzed structure was an open. Its Ansoft HFSS 3D view with an 
uncompressed ECA layer in between the two ports is shown in Fig. 5.20. Simulations in 
HFSS were performed in the frequency range of 2�20 GHz. The S-parameter comparisons 
on the structure with/without the ECA layer are given in Fig. 5.21 (S11 parameter) and 
Fig. 5.22 (S21 parameter). It can be observed that both the S11 and S21 parameter curves for 
the open with ECA layer are very close to the ones for the open without an uncompressed 
ECA layer between the two ports. Consequently, only a negligible influence due to the 
presence of an uncompressed ECA layer between two adjacent RF-MEMS devices was 
expected. 

�2�S�H�Q���Z�L�W�K�R�X�W���(�&�$��

�2�S�H�Q���Z�L�W�K���(�&�$

 

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

�2�S�H�Q���Z�L�W�K�R�X�W���(�&�$��
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Fig. 5.22  S21 parameter plot for the open structure with/without the presence of an 
uncompressed ECA layer between the two ports. 
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In some applications, it might be useful to realize a quasi-hermetic sealing of RF-MEMS 
devices by forming an ECA ring around the RF-MEMS device. Although, the ECAs with 
polymer-based formulation do not provide full hermeticity, they might still be attractive in 
less demanding applications because of the simplified processing, low thermal budget and 
low cost.  

In order to study the influence of an ECA sealing ring on the packaged RF-MEMS 
device, the model shown in Fig. 5.23 using Ansoft HFSS was built. Also in this case, the RF 
behavior of the CPW does not seem to be significantly affected by the presence of the 
uncompressed ECA layer, as can be seen from the S-parameters plots of Fig. 5.24 and 
Fig. 5.25.  

 

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

 

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

In conclusion, the presence of the uncompressed ECA layer next to the RF-MEMS 
structures does not seem to introduce significant additional parasitics to the RF behavior of 
capped structures in any of the analyzed cases. This study served only as a preliminary 
investigation on this issue and the results are applicable 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 packaging solution was presented. In 
this packaging concept, a capping HRS substrate with copper filled through-silicon vias and 
pre-etched cavities is wafer-level bonded to an RF-MEMS device wafer using electrically 
conducted adhesive. This RF-MEMS packaging solution minimizes the packaging design 
effort in the RF-MEMS device design and fabrication while keeping the packaging cost low. 
An important aspect of this package is the possibility to include through-substrate cavities for 
aligned insertion of control ICs on the die-to-wafer level making it a hybrid WLP solution. 
Furthermore, the applied adhesive wafer-level bonding provides a low thermal budget and 
less stringent requirements on the surface quality, which might be attractive in many 
applications. 

Next to the fabrication process development, this chapter also focused also on the design 
optimization and RF characterization of the proposed package. For characterization purposes, 
CPWs were used as a replacement for the real RF-MEMS devices. The Ansoft HFSS full 3D 
EM simulation tool was used to predict and optimize the RF behavior of a packaged system. 

In conclusion, the experimental data shown prove that the viability of the proposed 
packaging solution, and the data concerning the losses and mismatch introduced by the 
capping part in the RF performance of test structures, are 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 Broad Band Photonics (BBP) project [6.1] 
is described. The goal of this project was to develop a System-in-Package (SiP) demonstrator 
of an optical network unit (ONU) with a communication bit rate of 10.0 Gbit/s based on a 
fully integrated InP optical transceiver and a few additional supporting Si ICs. A common 
silicon carrier was envisioned as the packaging solution. The main focus of the work 
described in this chapter is a preliminary study to asses if such a hybrid packaging solution 
can meet the stringent thermal management requirements imposed by the one-chip optical 
transceiver. 

6.1.1 Optical network unit based on an InP optical transceiver 

In the BBP project concept, individual end-user homes will be equipped with an ONU to 
terminate the fiber and to provide electrical access for other devices which are related to the 
specific services that the end-user wants to subscribe to. The ONU needs to be low-cost and 
its economic lifetime is expected to be in the order of a few years. The proposed ONU is 
composed of three principal components, namely an InP-based optical transceiver [6.2], a 
SiGe-based receiver/amplifier, and a Si-based transmitter burst-mode driver (see Fig. 6.1). 
The ONU core is the optical transceiver, which consists of a Mach-Zehnder wavelength 
duplexer, a reflective SOA (semiconductor optical amplifier), and a fast photodetector. The 
silicon SOA driver chip is designed to drive the SOA by delivering a 130-200 mA current 
resulting in a significant amount of dissipated power. The receiver chip amplifies the low 
output current from the photodetector and extracts the clock and data information for the end 
user. 
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SiGe receiver

Si SOA driver

 

Fig. 6.1  Schematic of the BB Photonics ONU. 

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

The envisioned packaging solution is a SiP or a multi-chip module (MCM) based on a 
common silicon platform. In this solution, the InP optical transceiver, the silicon driver and 
the SiGe receiver are all flip-chip bonded onto a common high-resistivity silicon (HRS) 
platform using solder bumps (see Fig. 6.2). The HRS platform provides high-density 
interconnect infrastructure and micro-mechanical alignment structures to facilitate assembly. 
The SiP approach allows high integration levels to be achieved and at the same time 
flexibility the in selection of fabrication processes for each component, thus alleviating 
fabrication compatibility issues when single chip solutions would be considered [6.3]. 

6.1.3 Packaging requirements 

The envisioned packaging solution based on a common silicon platform and 
die-to-wafer assembly needs to meet many requirements. Next to the electrical crosstalk 
handling, the thermal management of the optical transceiver is one of the most demanding. 
The SOA requires operation temperatures below 30 °C [6.2] as well as high driving currents 
(> 100 mA) to be applied. This temperature range can only be achieved by active cooling 
realized by, e.g., a Peltier element to which the silicon platform is attached. Furthermore, the 
Mach-Zehnder wavelength duplexer requires local temperature stabilization for its operation 
using a local heater and a feedback control loop. 

The first generation of the fully integrated InP optical transceiver is realized on a chip 
with dimensions of 0.7 x 3.7 mm2. Considering the above-mentioned thermal loads in 
combination with the limited thermal conductivity and the low mechanical strength of InP 
[6.4], thermo-mechanical issues might play a critical role and therefore need to be assessed. 
Furthermore, due to the CTE (coefficient of thermal expansion) mismatch among the 
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materials involved, the thermal cycling of the SOA active region will produce mechanical 
stress and degrade the device reliability and reduce its life time. The thermal and 
thermo-mechanical behavior of this package was studied using a finite element modeling 
(FEM) software tool. The simulation results were then validated using an on-chip resistive 
temperature sensor array and micro-hotplate measurements. 

 

 

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

6.2 Finite Element Modeling 

The proposed package design comprises many different materials, i.e., silicon, InP, Au, 
etc. The package represents a composite structure with a complex geometry that cannot be 
described using a simple analytical method [6.5]. In this work, the FEM software package 
Ansoft ePhysicsTM was used for the modeling.  

6.2.1 Finite element model 

The package FEM model built in ePhysicsTM, based on the actual optical transceiver 
design, is shown in Fig. 6.3. Since the major challenge is the SOA part of the optical 
transceiver chip, in order to reduce computation time while maintaining sufficient accuracy, 
appropriate adaptive meshing was applied. In order to drain the generated heat away from the 
SOA active region and maintain a relatively stable SOA operating temperature, a heat sink 
implemented as a Peltier cooling element is used at the back side of the silicon carrier. 

A) FE model geometry 

Fig. 6.4 shows the packaging configuration modeled and a list of the component 
dimensions are listed. The number of bumps is one of the evaluation parameters in this study. 
The bump’s dimension and count have been evaluated. 
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Fig. 6.3  The FE model built using Ansoft ePhysicsTM for the characterization of the package 
thermal and thermo-mechanical behavior (heat sink invisible). 

B) Material properties 

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

Table 6-I  Relevant material properties used in simulations [6.10]. 

Material 
Thermal 

conductivity, 
(W/mK) 

Mass 
density, 
(kg/m3) 

Specific 
heat, 

(J/kgK) 

CTE 
(ppm/K) 

Modulus 
of 

elasticity  
(GPa) 

Tensile 
strength 
(MPa) 

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 

SiO2 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 (LInP) 3700 
Width of the InP chip (WInP) 700 
Thickness of the InP chip (TInP) 300 

SOA active region length (LAct) 750 
SOA active region width (WAct) 26 

Depth of the active area in the SOA 3 
Length of the silicon substrate (LSi) 3900 

Width of the silicon substrate (WSi) 900 

Thickness of the silicon substrate (TSi) 550 
Thickness of the Au pad on the InP chip 1.5 

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

C) Mesh setup 

In Ansoft ePhysicsTM, adaptive meshing is used. In order to increase the meshing 
resolution around the SOA active region, a maximum meshing length of 2 � m is assigned to 
the InP surface around SOA active region. For the remaining part of the model, automatic 
meshing is used to reduce computation time. Fig. 6.5 shows an example of the meshing used 
in this work. 

D) Heat source 

Electrical current (130 mA) is delivered by the burst-mode silicon driver to the SOA. 
According to Hudgings, Pipe and Ram [6.11], the bias power that is electrically injected into 
the element is almost completely dissipated near the active region.  
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( ) ( ) disi QxQVId +=×  (6.1) 

In Eq. 6.1, d(I,V) is the electrical power. ( ) ( ) xegPxQ gx D×= 0  is the power lost via 
photon emission in the SOA, where P0 is the injected optical power and g is the model gain 
coefficient [6.13]. Qdis is the combination of the power dissipated via convection, vertical 
conduction between the active region and the heat sink, and longitudinal conduction between 
the nearest neighboring elements. Therefore, the maximum heat dissipation in the device at a 
given current is reached when the power loss via photon emission is assumed to be zero, 
which means there is no light is radiating from the SOA. From electrical measurement on 
test samples, it has been determined that the effective electrical resistivity of the active 
region of the SOA is around 10 � . Thus the maximum heat dissipation in the system is 
estimated to be 170 mW. 

Based on the above-mentioned conditions, this model was 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 Ansoft ePhysicsTM, it is very important to set 
up appropriate heat transfer boundary conditions. In order to derive this condition, it is first 
necessary to understand the mechanism of the heat transfer in the air. 

 There are three mechanisms by which thermal energy is transported: conduction, 
convection and radiation. In a conduction transfer, thermal energy is transferred through a 
stationary medium through the vibratory motion of atoms and molecules. Heat conduction in 
air is relatively important when the air gap is small, e.g. several microns. It happens to a  
significant degree over a conduction layer in close proximity to a hot device [6.7].  

In a convection transfer, thermal energy is transferred through a mass movement (such 
as a gas or liquid) which is flowing around the heat generating object. In a radiation transfer, 
thermal energy is converted into electro-magnetic radiation which is then absorbed by the 
surrounding environment [6.14]. At a low operating temperature (e.g., <300 °C), a 
micro-scale heat transfer by radiation in air is small when compared to that by conduction or 
convection over a wide range of dimensions [6.7]. In electronic packaging, radiation effects 
are seldom sufficient to cause a noticeable change [6.15]. Therefore, only heat conduction 
and convection in air are discussed in the present model. 

Based on the packaging scheme shown in Fig. 6.3, heat is conducted from the active 
area in the SOA in the InP chip through the air gap (distance determined by the bump height) 
to the silicon substrate. It can be approximated [6.16] to have a heat conduction coefficient 
hcond: 

d
k

h air
cond = , (6.2) 

where kair is the air thermal conductivity of 0.027 Wm�1
 K �1

 [6.18]. In this case, the effective 
heat transfer coefficient by air conduction is around 2077 W m�2  K �1 . 
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Fig. 6.5  Model meshing: (a) over all meshing (side view of the package), and (b) meshing 
around the SOA active region.  

The heat transfer by convection is given by: 

Q=hconvA(T-Tamb), (6.3) 

where the hconv is the convective heat transfer coefficient and A is the area. The average 
convective heat transfer coefficient is given by: 

L
Nk

h uair
conv = , (6.4) 

where L is the characteristic length and Nu is Nusselt number. In Eq. 6.4, the bar above the 
quantities signifies an average value. The Nusselt number is related to Rayleigh number, 
which is the product of the Grashof and Prandtl number: 

Ra= Gr�,Pr (6.5) 

The Grashof number, Gr, is given by: 

( )
2

3

n
b ambTTgL

Gr
-×××

=  (6.6) 
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where g is gravity, �  is the density of the fluid, �  is the thermal expansion coefficient, �  is the 
dynamic viscosity, and �  is the kinematics viscosity. The Prandtl number is given by: 

air

p

k

c m×
=Pr , (6.7) 

where cp is the fluid specific heat. 

According to the dimensions listed in Fig. 6.4, the average convective heat transfer 
coefficient is estimated to be 41 Wm-2K-1.  

B) Thermal behavior vs. bump count 

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

,
n
T

kAqk ¶
¶

-=  (6.8) 

where k is the thermal conductivity, A is the cross-sectional area of the conduction path, T is 
the temperature, and n is the conduction distance [6.19].  

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

A major portion of the heat generated passes through the bumps into the silicon substrate. 
The bump count determines the cross-sectional area of the heat path from the hot SOA active 
region to the heat sink. According to Eq. 6.8, the bump count is one of the key factors 
influencing the thermal performance of the SOA. Instead of a single bump on the 
ground-signal-ground transmission line solution, extra bumps on the transmission lines 
increase the cross-sectional area of the heat conduction path and increase the heat flux 
conducted, and thus help to reduce the temperature on the SOA. 

In order to avoid an electrical parasitic effect introduced by the additional bumps, the 
extra bumps are all placed on the ground of the transmission lines (see Fig. 6.6). In this case, 
the ambient temperature is set to 27 °C, and one to three pairs of bumps (named 2+1, 4+1 
and 6+1, respectively) are evaluated. Here, the bump diameter is 50 � m, the bump height is 
10 � m, and the dielectric layer on the silicon substrate is 1-� m silicon dioxide. The 
simulation results are shown in Fig. 6.7, which is the temperature distribution on the vertical 
cross-sectional plane across the SOA active region, and are plotted in Fig. 6.8, which is the 
temperature distribution along the SOA length direction on the InP chip surface (SOA side).  
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Fig. 6.6  The thermal performance of the MCM package solution was studied for the case in 
which extra bumps are placed on the grounds of the transmission lines: a) single bump (2+1), 
b) two pairs of bumps (4+1), c) three bumps (6+1) on the ground.  
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Fig. 6.7  Simulation results of the MCM package: temperature distribution vs. different bump 
counts (the temperature scale for all three cases is the same). 

SOA active region 

SOA active region 

SOA active region 
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Fig. 6.8  Temperature distribution vs. different bump counts. 

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

C) Thermal behavior vs. bump height 

With fixing the bump counts at “6+1”, the influence of the bump height over the thermal 
performance of the package was also studied. In this study, the ambient temperature was 
27 °C; the bump diameter was 50 � m; oxide thickness was 1 � m. Similar to the previous 
study on the bump count, the simulation results are shown in Fig. 6.9, which is the 
temperature distribution on the vertical cross-sectional plane across the SOA active region, 
and are plotted in Fig. 6.10, which is the temperature distribution along the SOA length 
direction on the InP chip surface (SOA side). 

 

SOA active region 

A 

B 

C 
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Fig. 6.9  Simulation results of the MCM package: temperature distribution vs. different bump 
height (the temperature scale of all the three cases is the same). 
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SOA active region 

SOA active region 
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Fig. 6.10  Temperature distribution vs. different bump heights. 

Fig. 6.9 shows that the temperature of the SOA active region decreases with the 
decreasing bump height. According to Eq. 6.8, the heat flux conducted from the SOA active 
region through the bumps to the silicon carrier and then to the heat sink is inversely 
proportional to the conduction distance. In this case, decreasing the bump height decreases 
the conduction distance, so the heat flux increases. Thus, the temperature in the SOA active 
region decreases. This can be seen more clearly from Fig. 6.10. Fig. 6.10 also shows that the 
contribution of the bump height difference to the temperature drop in the SOA active region 
is not as significant as the bump count shown in Fig. 6.8. This is because the entire 
conduction path is composed of the bump, transmission lines, a dielectric layer and the 
silicon carrier. The bump height is only a small fraction of the entire path. This result was 
expected. 

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

6.2.3 Thermo-mechanical behavior characterization 

In the analyzed system, during operation, the SOA on the InP chip is heated up by the 
driving current and expands. This expansion is limited by the solder bumps (different CTEs) 
connecting the InP chip to the HRS platform. The InP chip and the bumps, thus, experience 
stress. This may cause either the bumps or the InP chip to fail. In this section, the 
characterization of the thermo-mechanical behavior of the proposed MCM package is 
presented with special focus on the thermal stress at the interface between the bumps and the 
InP chip. All the parameters simulated in the thermal behavior FEM were applied to the 
thermo-mechanical study. Here, only some FEM examples are discussed, namely the bump 

SOA active region 
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count and bump height. In this work, similarly to other 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 area connected to the InP chip. This helps 
to decrease the stress on each bump and improve the reliability of the system. On the other 
hand, from the previous study, increasing the bump count decreases the InP chip surface 
temperature around the SOA active region. This may also decrease the stress on the bumps. 

The model used previously for the thermal analysis of different bump counts (Fig. 6.6) is 
used here for the thermal stress study. The von Mises stress on the InP surface around the 
SOA active region from each case is shown in Fig. 6.11. The maximum von Mises stress 
from each situation is summarized in Fig. 6.12. 

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

B) Thermal stress vs. bump height 

During the SOA operation, the InP is heated up and thus extended. The InP chip moves 
relative to the silicon platform. This movement is constrained by the bumps in between the 
two chips. The longer the bumps are, the less constrain they create for the InP chip. The 
bump height is expected to have an impact on the level of thermal stress. 

The von Mises stress on the InP surface around the SOA active region from the bump 
height of 5, 10 and 15 � m (bump diameter 70 � m) is shown in Fig. 6.13. The maximum von 
Mises stress from each situation is summarized in Fig. 6.14. 

Although, the selected bump height range is rather limited, in Fig. 6.13 and Fig. 6.14 can 
be seen that increasing the bump height helps to decrease the stress level on the InP chip 
surface. In fact, the stress levels from all three bump heights are far below the tensile 
strength of the solder bump listed in Table 6-I. This may suggest that all three bump heights 
are thermo-mechanically safe in this package. However, increasing the bump height also 
increases the length of the heat conduction path, and reduces the SOA cooling efficiency 
(refer to previous discussion). Therefore, a bump height 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 around the 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 maximum von Mises stress. 

From both studies described above and considering all other studies, it has been 
determined that the geometry of the package elements influences the thermal stress level of 
the MCM package. However, not all the FEM results show strong evidence that the stress 
level under the FEM condition would significantly impact the reliability of either the InP 
chip or the bumps. On the other hand, due to equipment limitations, the thermal stress FEM 
results were not experimentally validated.  

Based on the thermal and thermo-mechanical FEM results, almost all the process 
modules are optimized, both in terms of geometry and materials. Some of the process 
modules are listed in Table 6-II. 

 

Table 6-II  Some of the package elements optimized using FEM. 
Solder bump Dielectric layer 

Material 
Height  
(� m) 

Diameter 
(� m) 

Count Material 
Thickness 

(� m) 
Au 5 70 6+1 SiO2 0.5 

 

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

6.3 Experimental Validation 

For the validation of the simulation results, a dummy structure containing a 
micro-hotplate and an array of temperature sensors was designed and fabricated. The 
micro-hotplate is an on-chip resistor, which can locally heat up the substrate by driving in a 
DC current. In this study, the micro-hotplate was used instead of the SOA active region to 
heat up the chip. The on-chip temperature sensors were designed to measure the temperature 
profile on the dummy chip after the micro-hotplate was turned on.  

Different types of temperature sensors can be used for this purpose, such as a 
thermocouple [6.21-6.23], pn-junction-based temperature sensor [6.24, 6.25], etc. In this 
work, the author used a resistive temperature sensor, which is relatively easy to fabricate and 
calibrate. A resistive temperature sensor exhibits a change in electrical resistance with a 
change in its temperature. In our measurement setup, the chip containing a micro-hotplate 
and 13 resistive temperature sensors (both made of doped polysilicon) was flip-chip bonded 
onto a silicon carrier. The silicon carrier was then wire-bonded onto a measurement PCB 
(see Fig. 6.15). This setup was first calibrated in a temperature-controlled oven in order to 
generate a calibration plot of electrical resistance with respect to temperature. Electrical 
power was then delivered to the micro-hotplate. By measuring the electrical resistance, the 
system temperature profile was read out according to the resistance-temperature calibration 
plot. 



 System-in-Package Design in Optoelectronic Packaging 133 

 

Fig. 6.15  Schematic of the measurement setup to validate the simulation results. 

6.3.1 Resistive temperature sensor design 

One common way to measure temperature is by using a resistive temperature sensor or 
resistive temperature detectors (RTDs). These electrical temperature instruments provide 
highly accurate temperature readings: simple industrial RTDs used within a manufacturing 
process are accurate to ±0.1 °C [6.26]. 

The resistive temperature sensor is based on the fact that the electrical resistance of a 
conductor is dependent upon collisional processes within the material. The resistance can be 
expected to increase with temperature since there will be more collisions. An intuitive 
approach to temperature dependence leads one to expect a fractional change in resistance, 
which is proportional to the temperature change: 

           T
R
R

D=
D

a  or ( )0
0

0 TT
R

RR
-=

-
a  (6.9) 

where �  is the temperature coefficient of resistance (TCR). The TCR can be positive (the 
resistance increases with a rise in temperature) or negative (the resistance decreases with a 
rise in temperature). Based on Eq 6.9, if the resistance change with respect to the resistance 
at the reference temperature can be accurately measured, the temperature change can thus be 
derived. 

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

In order to achieve the temperature distribution on the surface of the flip-chip bonded 
chip stack, 13 temperature sensors, including one micro-hotplate, are designed onto a silicon 

PCB 

Measurement chip 
with a micro-hotplate 

and a sensor array 
Si carrier 

Bond wires 
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chip. The micro-hotplate is designed to have the same dimension as the SOA active region, 
and it is placed at the same location as the SOA on the InP chip. The temperature sensors are 
distributed evenly in the x and y direction on the micro-hotplate with a fixed spacing of 
400 µm. A four-probe resistance measurement was designed for the temperature sensor. Part 
of the layout design is illustrated in Fig. 6.16.  

It is worth mentioning that the contact pads of each sensor are designed to have the same 
distance to the micro-hotplate, in order to avoid a temperature gradient on the sensor during 
measurement. The contact pads are the material stack of polysilicon and aluminum. When 
these polysilicon/aluminum junctions are exposed to a temperature gradient, due to the 
Seeback effect, voltage is generated when the loop is closed. The generated voltage may 
affect the accuracy of the measurement.  

 

Fig. 6.16  Layout design of the micro-hotplate in the middle of the temperature sensor array. 

6.3.2 Fabrication process flow 

The schematic fabrication process flow is shown in Fig. 6.17. The fabrication started 
with 100-mm silicon wafers. First, a 0.5 µm PECVD silicon oxide layer is deposited on the 
front side of the wafer. A 500-nm low-stress polysilicon layer is then deposited on the wafer 
using LPCVD at 570 °C. The designed polysilicon electrical resistance is achieved by 
phosphorous deposition and drive-in at 950 °C. After the oxide stripping, the polysilicon is 
patterned and etched by wet etching to form the sensors and the micro-hotplate. Afterwards, 
a 300-nm aluminium layer is sputtered onto the wafer. In order to prevent aluminium surface 
oxidation, Ti/TiN is sputtered onto the aluminium layer immediately without breaking 
vacuum. Next, the Al/Ti/TiN stack is patterned and etched by plasma etch to form the 
contact pads. In this step, the etching endpoint detection is carefully adjusted to prevent too 
much polysilicon loss. After the final alloying step, the 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 the temperature sensors. 
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(a) 

 
(b) 

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

The back-end process starts with a Ti/TiN/Au seed layer stack being sputtered onto the 
front side of the wafer. A 15-µm thick photoresist (AZ4562) is used to form the bump 
plating mould. Au bumps with a diameter of 50 � m are then formed in the mould by 
electroplating (see Chapter 3). After the photoresist stripping and Au seed layer removal, the 
wafer is diced and is ready for bonding (see Fig. 6.19). The designated bump dimensions are: 
diameter 70 � m, height 5 � m (see Table 6-II). Due to the ultrasonic bonding process used, 
the plated gold bump is partly deformed after bonding. 
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(a) 

 
 (b) 

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

Based on the FEM optimization results (see Table 6-II), the silicon carrier is also 
fabricated. The process starts with a 0.5 � m PECVD silicon oxide deposition at 400 °C. The 
bonding pads and electrical connections on the carrier chip are made by sputtering and 
etching a 2-µm Au layer.  
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The sensor chip is flip-chip bonded onto the carrier chip by ultrasonic bonding using a 
Toray FC2000 bonder. During the bonding process, the head and the table temperatures are 
kept at 100 °C and 23 °C, respectively. The ultrasonic frequency is set at 60 kHz and the 
bonding force of 25 N (~0.48 N/bump) is used. A cross-section of the ultrasonic bond is 
shown in Fig. 6.20. 

 

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

The bonded chip stack is firstly glued to a PCB, on which metal-filled through holes are 
thermally connected to the metal plates on both sides of the PCB with a thermal conductive 
glue. The chip stack is electrically connected to the PCB by 30-µm Al bond wires (see 
Fig. 6.21). The temperature sensors and the micro-hotplate are now ready for further testing. 

6.3.3 Temperature sensor calibration 

The main purpose of this step is to generate a resistance vs. temperature look-up table or 
a calibration plot which shows the electrical resistance change with respect to the ambient 
temperature change. In the actual temperature sensing measurement, after the micro-hotplate 
is switched on, the temperature on the sensor substrate inevitably changes, which changes the 
resistance reading of the sensors. By referring the new sensor resistance back to the 
calibration plot generated in this step, the temperature change produced by the 
micro-hotplate can be derived. 

Au bump 
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Fig. 6.21  The calibration of the temperature sensors is carried out in a computer-controlled 
oven. The PCB with the chip stack is glued onto a metal block with a Pt100 taking the 
reference temperature. 

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

The calibration step is essential for future temperature sensor measurements. In order to 
have accurate calibration results, the calibration of the temperature sensors is done in a 
computer-controlled oven. The PCB with the flip-chip bonded chip stack is glued to an 
aluminium measurement block. In order to obtain an accurate temperature on the chip stack 
during the calibration, Pt100 is inserted into a hole in the metal block right beneath the chip 

Pt100 
Metal block 

PCB with sensor 
chip stack 



140 Hybrid Wafer-Level Packaging for RF-MEMS and Optoelectronic Applications 

stack. All the wires are led from the oven through a hole in the oven sidewall to the 
measurement setup outside the oven (see Fig. 6.21). During calibration, another piece of 
aluminium block is capped on the PCB in order to create a relatively stable temperature 
environment for the chip stack (see Fig. 6.22). 

In the calibration of the sensors, two sets of Hewlett-Packard 34901A (20-channel 
multiplexers) are used to readout the sensor electrical resistance. LabVIEW is used to collect 
the data automatically.  

In the calibration work, the temperature of the oven is increased from room temperature 
to 160 °C, and decreased to room temperature again. The calibration results, electrical 
resistance vs. temperature, from all 13 temperature sensors are plotted in Fig. 6.23. Quite 
good linearity can be observed between resistance and temperature. Furthermore, it can also 
be calculated from Fig. 6.23 that the temperature coefficient of the resistance of 
phosphorous-doped polysilicon is around 7.38x10-4 °C-1. 

 

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

6.3.4 Measurement results 

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

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

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

6.4 Conclusions 

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

The selected FEM results were validated by designing, fabricating and measuring 
flip-chip bonded micro-hotplate and resistive temperature sensor (phosphorus-doped 
polysilicon) arrays. These temperature sensors show good temperature-to-resistance linearity 
during calibration. By driving DC current into the micro-hotplate and converting the sensor 
electrical resistance into temperature, the thermal simulation 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 on a combination of various 
substrates at the wafer level and chips originating from various processes at the die-to-wafer 
level, as presented in this thesis, is expected to be an enabling technology for future 
generations of electronic, (RF-)MEMS and optoelectronic systems. The availability of such 
highly integrated systems in a single package will greatly facilitate the design process of end 
devices while providing provide small size, low cost, and increased reliability. 

In the first part of this thesis, the development of several processing modules extending 
the toolkit of electronic packaging techniques, namely DRIE, TSV, electroplating and 
adhesive wafer-level bonding, is presented. In the second part, which is dedicated to 
RF-MEMS and optoelectronic applications, some relevant aspects such as RF performance, 
thermal and thermo-mechanical characteristics are studied  

7.1.1 Fabrication techniques  

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

·  With the proposed via-first and via-last fabrication techniques, small dimension 
features (higher aspect ratio), such as TSVs, and large dimension features (lower 
aspect ratio), such as cavities, can be formed simultaneously without any 
nonuniform etch penalties.  

·  Similar to the conventional RIE process, the DRIE process exhibits nonuniform etch 
effects, such as ARDE, which means the etch rate is aspect ratio dependent. As the 
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etching goes deeper into a silicon substrate, the etch rate decreases. However, in 
terms of trench etching, the width of the trench is much more sensitive to this effect. 
Experiments show that the etch depth is similar for trenches with the same width but 
different trench lengths. 

·  Via-first is a powerful approach to fabricate through-silicon features with huge 
aspect-ratio differences, such as TSVs and cavities, by combining DRIE, wafer 
lapping and ultrasonic cleaning/breaking. The advantage of this approach is that it 
relaxes the uniformity requirement on the DRIE process recipe, making it a 
potential solution for forming through-silicon features with arbitrary aspect ratio 
differences. This method, however, has an obvious drawback, i.e., it involves 
mechanical wafer lapping or a grinding process. The wafer lapping process may 
affect the mechanical reliability of the wafer due to chipping during or after the 
lapping process. 

·  As an alternative approach for fabricating through-silicon features with huge 
aspect-ratio differences, via-last is free of mechanical processing, however, it does 
require an etch-stop layer at the backside of the wafer. An Al layer shows much 
higher etch selectivity to silicon than silicon dioxide. Furthermore, it does not 
produce notching at the silicon-to-oxide interface. Therefore, it is possible to use an 
Al etch-stop layer to form through-silicon features with extreme aspect ratio 
differences as well. The advantage of this approach is that the mechanical reliability 
of the wafer is not affected. The disadvantage of this technique is that Al is 
sputtered from the bottom of the TSVs onto the sidewalls. When the Al structure is 
present on the surface of the wafer, removing the sputtered Al from the sidewall of 
the TSV and the remaining Al etch-stop layer can be tricky. 

·  The cavities formed simultaneously with the TSVs can be used for additional chip 
insertion and WLP alignment windows.  

·  By optimizing the electrical current density, Cu can be filled into the TSVs without 
seams, thus forming reliable front-to-back interconnections. The optimum density 
found is 30 mA/cm2. The resulting front-to-back electrical resistivity is 2.61 ��� cm. 

·  With an electrical current density of 120 mA/cm2
, both Au (at 60 °C) and Sn (at 

55 °C) can be electroplated successfully. The Au/Sn thickness ratio at 1.5:1 
achieved Au80Sn20 solder bumps of the proper composition which are suitable for 
solder reflow. Reflow at 300 °C allows the AuSn bumps to be bonded with another 
substrate. The measured electrical resistivity is 189 ��� cm, and the bond tensile 
strength is 36.4 MPa. 

·  With the stencil process, Electrically Conductive Adhesives (ECAs), either 
Anisotropic Conductive Adhesive (ACA) or Isotropic Conductive Adhesive (ICA), 
can be applied onto the bumps. The ECA is cured at a relatively low temperature 
(<150 °C), and thus, low thermal budget bonding can be established between two 
substrates.  

·  The electrical resistivity of the ECA (CE3103 WLV) decreases with an increase in 
the curing temperature. It falls into the micron ohm range at around 110 °C. The 
electrical resistivity of the ECA can be decreased further by applying pressure 
during curing. The bond strength of the cured ECA increases with an increase in the 
curing temperature. The largest bond strength of the ECA, 4.15 MPa, in this thesis, 
was achieved at 150 °C. 
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·  The two-step SU-8 wafer-level adhesive bonding process can be used for MEMS 
device packaging. The largest bond strength of 20.9 MPa was achieved at 105 °C. 
The bond strength is independent of the SU-8 spacer thickness. 

7.1.2 Applications 

In the second part of this thesis, two specific applications, namely RF-MEMS device 
packaging and optoelectronics packaging, are analyzed. In the proposed RF-MEMS device 
packaging, a through-silicon interconnect and AuSn bumps are formed in/on the 
high-resistivity silicon capping substrate using DRIE, copper and Au/Sn electroplating. This 
capping substrate is then aligned and bonded onto the device substrate using an ECA. In the 
optoelectronic package, an InP optical amplifier, a SiGe receiver and a silicon driver chip are 
flip-chip bonded onto a common silicon carrier using solder bumps, thus making a 
multi-chip module.   

The main conclusions from this part are: 

·  Through EM simulations, it was found that the package losses will decrease when 
the capping substrate resistivity increases, its thickness decreases, the TSV diameter 
increases, the CPW spacing increases, and the bump height increases. 

·  The RF measurement in 10 GHz range on the same CPW before and after being 
capped indicates that the proposed packaging structure has an acceptable degree of 
influence on the RF performances of capped MEMS devices. For instance, due to 
the capping, the reflection parameter measured on a 1350 � m long CPW increases 
by 9.24 dB at 10 GHz, while the transmission parameter decreases by 0.11 dB.  

·  When an InP chip is flip-chip bonded onto the silicon carrier using solder bumps, 
the silicon carrier acts as the heat sink of the entire package. The bump geometry 
and count play important roles in reducing the temperature in the InP chip active 
region when in operation. The InP chip temperature decreases when the number of 
bumps increases, their height decreases, and their diameter increases. 

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

7.2 Outlook 

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

·  Ultrasonic break-off is a very powerful approach not only for forming cavities 
together with TSV, but it might also be useful for the singulation of arbitrary-shaped 
chips that cannot be diced using a conventional dicing process. This technique 
should be further studied focusing on the connecting bridge fracture properties with 
respect to chip size, chip thickness, connecting bridge width, shape, etc. 

·  In this thesis, two approaches to fabricating TSVs and cavities simultaneously are 
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presented. The fabricated cavities are designed for the insertion of additional chips. 
The cavity edges can be used for the chip alignment. Therefore, the cavity pattern 
transfer accuracy should be studied. The factors that determine the pattern transfer 
accuracy stem from many aspects, such as photolithography processes, DRIE 
parameters, and the dicing profile of the inserting chip. 

·  The RF-MEMS packaging solution presented in this work does not involve vacuum 
hermetic sealing. This can easily be implemented by fabricating an Au/Sn hermetic 
sealing ring around the edge of the capping substrate. Such a metal ring might have 
an impact on the RF performance of sealed RF-MEMS devices. Further RF 
simulations and measurements are required to study this issue. 
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Summary 
 

The current trend in electronic packaging research is to integrate more functions into one 
package, reduce electrical path parasitic, and increase the heat conduction in order to make 
the final packaged system smaller, more reliable, more functional and more complete, while 
keeping the packaging cost low. In this trend, unconventional devices (such as MEMS and 
optoelectronic devices) and various substrate materials (e.g., InP, GaAs, etc.) are integrated 
into a single package together with conventional silicon-based ICs. The resulting novel 
packages are produced by both wafer-level batch processes as well as many multichip 2D/3D 
serial assembly processes. Therefore a complete functional unit can be built in a single 
package. This feature is particularly valuable in space-constrained environments such as 
mobile phones, as it increases the packaging efficiency while decreasing complexity of the 
PCB and overall design. In this thesis, the development of wafer-level fabrication processes 
and supplemental techniques for applications in hybrid wafer-level packaging for MEMS and 
optoelectronic devices is presented. Hybrid wafer-level packaging makes it possible to 
integrate a variety of dies (i.e., silicon IC, MEMS, optoelectronic) into one final package, 
while using potentially economical wafer-level batch processing. 

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

In Chapter 2, the development of the through-silicon via (TSV) fabrication process using 
deep reactive ion etching process is presented. First, the Bosch process is characterized with 
emphasis on overcoming the non-uniform etching effects, such as ARDE, to fabricate 
simultaneously through-silicon features with a large aspect ratio difference. Via-first and 
via-last fabrication methods were developed. The via-first approach involves wafer backside 
lapping and ultrasonic break off, while in the via-last approach an Al etch stop layer is used. 
Both methods are demonstrated by forming 50-� m diameter through-silicon vias and 
2 x 5 mm2 cavities. The cavities can be used for the alignment and insertion of additional IC 
dies.  

Chapter 3 presents the development of copper electroplating for TSV filling and gold 
and tin plating for fabricating solder bumps. The TSV filling with copper forms a 
low-resistivity through-silicon interconnect which enables hybrid (RF-)MEMS wafer-level 
packaging. Cu-filled TSVs with a diameter of less than 50 µm and an aspect ratio of more 
than 5 : 1 are successfully demonstrated. The developed processing module is based on Cu 
electroplating in two steps in combination with a chemical-mechanical polishing (CMP). In 
the first electroplating step, which is performed on the wafer front side, a copper plug in the 
via and front-side copper structures in a photo resist mold are formed. In the second step, the 
wafer is turned back side up and the TSVs are filled in a bottom-up approach. The 
overplating features that only occur on the wafer back side are then removed in a CMP step.  

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

Chapter 5 describes a novel hybrid wafer-level packaging solution that is applicable to 
RF-MEMS devices and is based on the fabrication techniques described in the previous 
chapters of this thesis. In this packaging concept, a capping HRS substrate with copper-filled 
through-silicon vias and pre-etched cavities is wafer-level bonded to an RF-MEMS device 
wafer using an electrically conducted adhesive. This RF-MEMS packaging solution 
minimizes the packaging design effort in the RF-MEMS device design and fabrication while 
keeping the packaging cost low. An important aspect of this package is the possibility to 
include through-substrate cavities for aligned insertion of control ICs on the die-to-wafer 
level making it a hybrid WLP solution. Furthermore, the applied adhesive wafer-level 
bonding provides a low thermal budget and fewer stringent requirements on the surface 
quality, which might be attractive in many applications.  

Next to the fabrication process development, this chapter also focuses on design 
optimization and RF characterization. The Ansoft HFSS full 3D EM simulation tool was 
used to predict and optimize the RF behavior of a packaged system. The electrical 
measurement data obtained from packaged CPWs are promising (i.e., insertion loss of 
0.11 dB at 10 GHz). 

Chapter 6 presents the initial study on thermal and thermo-mechanical aspects of a 
SiP-based optoelectronic package to be used in an optical network unit. A finite-element 
model representing the relevant parts of the package structure was built and extensive 
thermal and thermo-mechanical simulations were carried out. The gold bumps (i.e., their 
geometry and count) used to flip-chip the InP optical transceiver chip to the silicon platform 
represent the main optimizing parameter. The simulation results show that by increasing the 
bump count and decreasing the height, a sufficiently low thermal resistance between the SOA 
active region and the heat sink can be realized. The FEM thermal simulation results were 
validated by designing, fabricating and measuring flip-chip bonded micro-hotplate and 
resistive temperature sensor (phosphorus-doped polysilicon) arrays.  
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Samenvatting 
De huidige trend in onderzoek naar elektronica verpakkingen is het integreren van 

meerdere functies in één verpakking, het verminderen van paraciteiten in elektrische 
verbindingen en het verbeteren van de warmtegeleiding. Dit maakt het systeem kleiner, 
betrouwbaarder, functioneler, completer en verkleint de verpakkingskosten. Binnen deze 
onderzoekstrend worden niet-conventionele circuits (zoals MEMS en opto-elektronica) en 
verschillende substraatmaterialen (bijvoorbeeld InP, GaAs, etc.) binnen één verpakking 
geïntegreerd met conventionele Si-gebaseerde IC’s. De nieuwe verpakkingen worden 
geproduceerd met zowel wafer batchprocessen als met verschillende multi-chip 2D/3D 
serie-assamblageprocessen. Hiermee kan een compleet functionerende eenheid worden 
gemaakt binnen één enkele verpakking. Met name voor systemen waarin ruimte beperkt is, 
zoals mobiele telefoons, is deze eigenschap van belang: het verhoogt de 
verpakkingsefficiëntie en vermindert de algehele complexiteit van het ontwerp en PCB. Dit 
proefschrift presenteert de ontwikkeling van fabricageprocessen en aanvullende technieken 
voor toepassingen in hybride verpakkingen voor MEMS en opto-elektronica op waferniveau. 
Hybride verpakkingen maken het mogelijk om verschillende soorten chips (bijvoorbeeld Si 
IC’s, MEMS, opto-elektronica) samen te voegen binnen één verpakking en tegelijkertijd de 
potentieel economisch aantrekkelijke wafer batchprocessen te gebruiken. 

Hoofdstuk 1 introduceert het concept van hybride verpakking op waferniveau en de 
trends in het onderzoek op het gebied van verpakkingen voor MEMS en opto-elektronica. 
Ook worden in dit hoofdstuk de onderwerpen van dit proefschrift besproken.  

In hoofdstuk 2 wordt de ontwikkeling gepresenteerd van de through-silicon via (TSV) 
fabricage techniek met behulp van deep reactive ion etching. Als eerste wordt het ‘Bosch’ 
proces gekarakteriseerd. Hierbij wordt de nadruk gelegd op het voorkomen van 
niet-uniformiteiten, zoals aspect ratio dependent etching (ARDE), om zo structuren met een 
groot verschil in breedte-hoogte verhouding tegelijkertijd te etsen door het Si substraat. 
Via-eerst en via-laatst fabricagemethoden zijn ontwikkeld. De via-eerst aanpak omvat 
polijsten van de wafer achterkant en het ultrasonisch afbreken van structuren. Voor de 
via-laatst aanpak wordt een Al etch-stop gebruikt. Beide methoden worden gebruikt voor het 
maken van 50 µm diameter via’s door het silicium substraat en 2 x 5 mm2 holten die kunnen 
worden gebruikt voor het positioneren of plaatsen van andere IC chips.  

Hoofdstuk 3 presenteert de ontwikkeling van elektrodepositie van koper voor het vullen 
van TSV en de elektrodepositie van goud en tin voor de fabricage van solder bumps. De TSV 
vulling met koper vormt een TSV met een lage weerstand die een hybride (RF-)MEMS 
verpakking op waferniveau mogelijk maakt. Werkende met koper gevulde TSV’s met een 
diameter van 50 µm en een breedte-hoogte verhouding van 1:5 worden gedemonstreerd. De 
ontwikkelde procesmodule is gebaseerd op elektrodepositie in twee stappen in combinatie 
met chemical-mechanical polishing (CMP). Bij de eerste elektodepositiestap aan de  
wafervoorzijde wordt een koperplug gemaakt in de via, en worden de koper structuren aan de 
voorzijde gemaakt in een mal van fotolak. Bij de tweede stap wordt de wafer omgedraaid en 
de TSV’s gevuld met koper. De overtollige depositie die alleen aan de waferachterzijde 
ontstaat wordt tenslotte met CMP verwijderd. 

Bij de Au en Sn elektrodepositie is de beoogde toepassing de fabricage van solder 
bumps. Afwisselende depositie van  Au en Sn in een fotolakmal op een Au/Cr 
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nucleatie/adhesielaag werd  succesvol toegepast voor het maken van Au80Sn20 solder 
bumps. Door vloeien bij 300 °C werden de AuSn bumps verbonden met een ander substraat. 
Een elektrische soortelijke weerstand van 189 �� cm en een treksterkte van 36.4 MPa 
werden gemeten voor de verbinding.  

Hoofdstuk 4 gaat over het adhesief verbinden voor verpakkingen op waferniveau. Het 
onderzoek is voornamelijk gericht op elektrisch geleidende adhesieven (electrically 
conductive adhesives, ECA). Een ECA is eigenlijk een epoxy gevuld met metaalschilfers, 
zoals Ag. Afhankelijk van de schilferconcentratie kan een ECA worden geclassificeerd als 
een ACE (anisotropic conductive adhesive, lage concentratie metaalschilfers) of een ICA 
(isotropic conductive adhesive, hoge concentratie metaalschilfers). In dit hoofdstuk wordt de 
elektrische soortelijke weerstand bestudeerd van ECA (CE3103 WLV) als functie van de 
uithardingstemperatuur en de verbindingsdruk.  

Hoofdstuk 5 beschrijft een nieuwe hybride verpakking op waferniveau die kan worden 
toegepast voor RF-MEMS. Deze verpakking is gebaseerd op de fabricage technieken 
beschreven in de vorige hoofdstukken. In dit verpakkingsconcept wordt een HRS substraat 
met koper gevulde via’s en voorgeëtste holten verbonden met RF-MEMS wafer, middels een 
elektrisch geleidend adhesief. Deze RF-MEMS verpakking versimpelt het RF-MEMS 
ontwerp en fabricage en houdt tegelijkertijd de verpakkingskosten laag. Een belangrijk 
aspect hierbij is de mogelijkheid tot het maken van uitsparingen door het substraat voor het 
positioneren van besturing IC’s op chip-wafer niveau. Dit maakt het een hybride wafer level 
packaging (WLP) oplossing. Bovendien verlaagt het verbinden met een adhesief het 
thermisch budget en vermindert het de eisen aan het oppervlak, wat interessant kan zijn voor 
veel toepassingen. 

Naast ontwikkeling van fabricageprocessen richt dit hoofdstuk zich op optimalisatie van 
ontwerp en RF karakterisatie. Het ‘Ansoft HFSS full 3D EM’ simulatiepakket is gebruikt om 
het RF gedrag van een verpakt systeem te voorspellen en te optimaliseren. Elektrische 
metingen aan verpakte CPW’s laten bemoedigende resultaten zien (bijvoorbeeld 0.11 dB 
verlies bij 10 GHz). 

Hoofdstuk 6 presenteert een eerste studie van thermische en thermisch-mechanische 
aspecten van een SiP-gebaseerde optoelektronische verpakking voor toepassing in een 
optisch netwerk. De belangrijkste onderdelen van een verpakkingsstructuur werden 
gemodelleerd met een eindige-elementen model, waarna uitgebreide thermische en 
thermisch-mechanische simulaties werden gedaan. De gold bumps (bijvoorbeeld hun 
geometrie en aantal) die gebruikt worden voor de flip-chip van de InP optische 
zender-ontvanger chip op het silicium platform, is hierbij de parameter die is 
geoptimaliseerd. De resultaten laten zien dat door het vergroten van het aantal gold bumps en 
het verkleinen van de hoogte een voldoende lage thermische weerstand kan worden bereikt 
tussen het SOA gebied en de warmte-afvoer. De thermische FEM simulaties werden 
gevalideerd door het ontwerpen, fabriceren en vervolgens meten van een middels flip-chip 
verbonden micro-verhittingsplaat met resistieve temperatuursensoren (fosforgedoteerde 
poly-silicium). 



   153

List of Publications 
 

[1] J. Iannacci, M. Bartek, J. Tian, R. Gaddi, A. Gnudi, Electromagnetic optimization of 
an RF MEMS wafer level package, Sensors and Actuators A: Physical, Vol. 142, 
No. 1, 10 March 2008, pp. 434-441.  

[2] J. Tian, S. Sosin, J. Iannacci, R. Gaddi, M. Bartek, RF-MEMS wafer-level 
packaging using through-wafer interconnect, Sensors and Actuators A: Physical, 
Vol. 142, No. 1, 10 March 2008, pp. 442-451. 

[3] J. Tian, M. Bartek, Simultaneous through-silicon via and large cavity formation 
using deep reactive ion etching and aluminum etch-stop layer, Proc. 58th Electronic 
Components & Technology Conference (ECTC 2008), May 27-30, 2008, Lake 
Buena Vista, Orlando, FL, USA, pp. 1787-1992. 

[4] J. Tian, T. Zoumpoulidis, M. Bartek, Thermal-analysis of a silicon-platform-based 
optoelectronic multi-chip module, SMTA International 2008, August 17 -21, 2008, 
Orlando, FL, pp. 14-20. 

[5] T. Zoumpoulidis, J. Tian, S. Sosin, M. Bartek, L. Wang, K. M. B. Jansen, L. J. Ernst, 
P. de Graaf, R. Dekker, Process technology of high-aspect-ratio silicon beams for 
stretchable silicon electronics, Proc. 10th Electronics Packaging Technology 
Conference (EPTC 2008), 9-12 December 2008, Singapore, pp. 361-366. 

[6] S. Sosin, J. Tian, M. Bartek, Cavity formation in a silicon cap wafer using 
aluminum etch-stop layer, Proc. 16th European Microelectronics and Packaging 
Conference & Exhibition (EMPC 2007), June 17-20, 2007, Oulu, Finland, 
pp. 304-308.  

[7] J. Tian, S. M. Sinaga, M. Bartek, Study of thermal behaviour in a 
multi-chip-composed optoelectronic package, Proc. 16th European Microelectronics 
and Packaging Conference & Exhibition (EMPC 2007), June 17-20, 2007, Oulu, 
Finland, pp. 262-267. 

[8] J. Tian, M. Bartek, Study of thermal and thermo-mechanical behavior in a 
multi-chip-composed optoelectronic package, Proc. 9th Electronics Packaging 
Technology Conference (EPTC 2007), 10-12 December 2007, Singapore, 
pp. 886-891.  

[9] J. Iannacci, J. Tian, R. Gaddi, A. Gnudi, M. Bartek, A fully-parameterized FEM 
model for electromagnetic optimization of an RF-MEMS wafer-level package, Proc. 
DTIP 2006 (Symposium on Design, Test, Integration and Packaging of MEMS / 
MOEMS), 25-27 April 2007, Stresa, Lago Maggiore, Italy, pp. 1-6. 

[10] J. Tian, J. Iannacci, S. Sosin, R. Gaddi, M. Bartek, RF-MEMS wafer-level 
packaging using through-wafer via technology. Proc. 8th Electronics Packaging 
Technology Conference (EPTC 2006), Singapore, pp. 441-447. 

[11] S. Sosin, J. Tian, L. Wang, M. Bartek, Through-substrate cavity fabrication for 
hybrid wafer-level packaging. Tech. Digest 17th MicroMechanics Europe Workshop, 
Southampton, UK, 2006, pp. 181-184. 



154 Hybrid Wafer-Level Packaging for RF-MEMS and Optoelectronic Applications 

[12] M. Bartek, J. Iannacci, J. Tian, S. Sosin, Hybrid wafer-level packaging for RF 
applications, 2nd International Workshop on SOP, SIP, SOC Electronics 
Technologies, September 28-29, 2006, Atlanta, GA, 1 p. 

[13] J. Iannacci, M. Bartek, J. Tian, S. Sosin, A. Akhnoukh, R. Gaddi, A. Gnudi, Hybrid 
wafer-level packaging for RF MEMS applications, Proc. IWLPC 2006, November 
1-3, 2006, San Jose, Wyndham Hotel, San Jose, CA, pp. 106-113. 

[14] J. Iannacci, M. Bartek, J. Tian, S. Sosin, A. Akhnoukh, R. Gaddi, A. Gnudi, Hybrid 
wafer level packaging for RF MEMS applications, Proc. 39th International 
Symposium on Microelectronics (IMAPS 2006), October 9-13, 2006, San Diego, 
USA, pp. 246-253. 

[15] J. Iannacci, J. Tian, A. Akhnoukh, M. Bartek, R. Gaddi, A. Gnudi, Electrical 
performance assessment and optimization of an RF-MEMS wafer-level package, 
Proc. 9th Annual Workshop on Semiconductor Advances for future Electronics and 
Sensors (SAVE 2006), 23-24 November 2006, Koningshof, Veldhoven, the 
Netherlands, pp. 512-518. 

[16] S. Sosin, J. Tian, L. Wang, M. Bartek, Fabrication of through-substrate cavities for 
hybrid wafer-level packaging. Proc. 9th Annual Workshop on Semiconductor 
Advances for future Electronics and Sensors (SAVE 2006), 23-24 November 2006, 
Koningshof, Veldhoven, the Netherlands, pp. 544-547. 

[17] J. Tian, J. Iannacci, R. Gaddi, M. Bartek, RF-MEMS wafer-level packaging using 
through-wafer interconnect. The 20th European conference on solid-state 
transducers (Eurosensors XX) - CD-ROM Proceedings, 17-20 September 2006, 
Goeteborg, Sweden, pp. T2CP7/1- 4. 

[18] J. Iannacci, J. Tian, M. Bartek, R. Gaddi, A. Gnudi; Electromagnetic Optimisation 
of an RF-MEMS Wafer-Level Package, The 20th European conference on 
solid-state transducers (Eurosensors XX) - CD-ROM Proceedings, 17-20 September 
2006, Goeteborg, Sweden, pp. T2C-04/1-4.  

[19] J. Iannacci, J. Tian, S. M. Sinaga, R. Gaddi, A. Gnudi, M. Bartek, Electromagnetic 
optimization of a wafer-level package for RF-MEMS applications, Proc. 4th 
European Microelectronic and Packaging Symposium with Table-Top Exhibition 
(EMPS 2006), May 22-24, 2006, Terme Catez, Slovenia, pp. 79-84.  

[20] J. Iannacci, J. Tian, S. M. Sinaga, R. Gaddi, A. Gnudi, M. Bartek, Parasitic effects 
reduction for wafer-level packaging of RF-MEMS, Proc. DTIP 2006 (Symposium 
on Design, Test, Integration and Packaging of MEMS / MOEMS), 26-28 April 2006, 
Stresa, Lago Maggiore, Italy. 

[21] J. Tian, M. Bartek, Low temperature wafer-level packaging of RF-MEMS using 
SU-8 printing, Proc. STW Annual Workshop on Semiconductor Advances for 
Future Electronics and Sensors (SAFE 2005), 17-18 November 2005, Veldhoven, 
the Netherlands, pp. 56-59. 



   155

Acknowledgements 
This thesis summarizes my 4-year Ph.D research and study at the Delft Institute of 

Microsystems and Nanoelectronics (DIMES), Delft University of Technology. Upon the 
completion of this book, there are many names arising from my memory in combination with 
the joyful years of my Ph.D study. I would like to take this opportunity to express my 
gratitude to the people for their encouragement, contributions and support. 

At first, I am very thankful to my promoter, Prof. Joachim N. Burghartz, for offering this 
opportunity in his group and his technical guidance. I can hardly imagine if I would ever be 
able to reach the Ph.D defense podium without his help. 

Meanwhile, I’d like to thank Dr. Marian Bartek, my supervisor. You helped me a lot in 
deciding research project, daily technical instruction and technical paper writing. I am really 
grateful that you helped in combining and formatting my final thesis. 

Special thanks to all the staffs and engineers of the DIMES laboratories. In particular, I 
would like to thank Atef Akhnoukh for all his kind help on layout editing, PCB selecting and 
the high frequency measurements. To all the DIMES process engineers, Alex van den 
Bogaard, Charles de Boer Johan van der Cingel, Jan Groeneweg, Ruud Klerks, Mario Laros, 
Silvia Milosavljevic, Hugo Schellevis, Tom Scholtes, Loek Steenweg, Cassan Visser, Wim 
van der Vlist, Wim Wien, Jan Cornelis Wolff, Dr. Henk van Zeijl, all those who offered 
great help during my research work. 

It is my great pleasure to work with all my colleagues at TU Delft: Dr. Alex Polyakov, 
Dr. Saoer Sinaga, Dr. Huseyin Sagkol, Dr. Sebastian Sosin, Dr. Theodoros Zoumpoulidis, 
Han Yan, Dr. Edmund Neo, Dr. Gabriel M. Montero, Dr. Hsien-Chang Wu, Dr. Koen 
Buisman. Thank you all for accompanying me during my stay at DIMES, and, of course, on 
football field, and pool table as well. I’d like to thank Jacopo Iannacci. We worked together 
on a very interesting project, from which we both produced a lot of good results and 
technical papers. Special thanks go to Dr. Cong Huang, thank you for helping me to prepare 
my defense. I also have to thank Prof. G.C.M. Meijer. It was his advices that turned my 
thermal sensor design into a reasonable one. I cannot forget the help from Zuyao Chang, who 
helped me a lot in setting up the experiment to verify my thermal sensor array. 

I would like to thank my colleague at MAPPER Lithography, Arjen Storm, for 
translating the summary and propositions into Dutch.  

Most of all, I would give my deep appreciation to my parents and my parents-in-law. It 
was your help and effort in taking care of my new-born daughters that made it possible for 
me to finish my thesis writing. Especially, my late mother,  my wife and I will never forget 
your love and all the great help that you had offered to us and our daughters.  

Finally, I would like to thank my wife, Xin Li, for her encouragement, understanding 
and support. I’d also thank my daughters, Serena and Rebecca,  the source of happiness of 
the entire family. 





   157

About the Author 
 


