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Preface to "M EMS Packaging Technologies and 3D
Integration”

MEMS packaging is an essential technique for successful commercialization of MEMS products
as MEMS has moving parts and an application-specific nature. A classic approach of MEMS
packaging is to bond silicon or glass cap wafers to MEMS wafers. Therefore, it is typically
implemented under high pressure and high temperature conditions. Advanced approaches use a
thin-film deposition technique and then a cavity for MEMS is realized via sacrificial etch through
access holes at the thin film cap. The packaging cap transfer technique is a compromise between
the two approaches, since it makes it possible to bond and transfer a thin packaging cap to the
released MEMS device. MEMS devices and IC are being integrated in a 3D fashion to achieve a better
performance, and implantable devices need special packaging techniques. Thus, this Special Issue
gathers research papers, short communications, and review articles that focus on MEMS packaging
technologies and related integration methods. This Special Issue will help you to catch the trend of

the recent MEMS or electronic device packaging and 3D integration technologies.

Seonho Seok
Editor
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As fabrication technologies advance, the packaging of MEMS device is being de-
veloped in two main directions: MEMS device packaging and MEMS or sensor system
integration. MEMS device packaging is an essential technique for successful commercial-
ization of MEMS product, as MEMS devices inevitably have moving and fragile parts.
MEMS devices tend to be packaged in chip-scale, or, namely, zero-level packaging as
fabrication technologies advance in place of conventional package of a commercial product
such as DIP (Dual Inline Package). For certain MEMS products, vacuum packaging has
been achieved with zero-level packaging approaches [1,2]. Such a MEMS packaging has
mainly been realized by bonding techniques with joint materials such as metals, poly-
mers, etc. A packaging cap with housing cavity is bonded to a sealing ring surrounding
MEMS devices. The lid wafers are generally fabricated with so-called hard materials
such as silicon, glass, and so on. For certain MEMS devices, different cap materials, for
example, thin films or polymer films, have been adopted for high frequency devices and
inertial sensors [3—7]. Thin film packaging is fabricated by conventional semiconductor
process and sacrificial etch and thus may have advantages of small package sizes and
low costs due to its high throughput. The bonding techniques typically used for MEMS
device packaging are interfacial bonding and intermediate layer bonding [8-12]. The in-
terfacial bonding depends on the chemical reaction between two joint materials, while
the intermediate layer bonding needs additional materials as adhesive layers. Anodic
bonding and silicon fusion bonding are frequently used interface bonding techniques. The
interfacial bonding requires high surface cleanness as well as high surface flatness, and
it is carried out under high temperature and high applying pressure conditions. Thus,
the interfacial bonding has certain constraints for temperature sensitive MEMS devices.
Intermediate layer bonding needs good adhesion materials with associated substrates to
avoid unwanted delamination of the sealing layers. As the intermediate layer material
determines the bonding condition such as temperature, it can be implemented at relatively
low temperature. For the packaging based on bonding technologies, attention should be
paid to thermal expansion coefficient difference among the associated materials because
it would cause undesired high packaging stress. Packaging stress is a principal cause
of its reliability, and thus modeling and simulation of electronic and MEMS packages
have been frequently performed through FEM (Finite Element Method) to understand
mechanical behavior of the packages [13-17]. To obtain reliable simulation results, material
properties and their behavior depending on temperature or external load should be well
characterized. As an alternative packaging approach, thin film encapsulation integrates the
packaging process with the MEMS device process on the same wafer. MEMS structures
covered by an additional sacrificial layer are first released by sacrificial etching through
channels or holes, and then the access holes are sealed by depositing an overcoat material.
The thin-film packaging materials should be deposited or formed without degrading or
changing the properties of MEMS structure, and it takes a longer time to release overall
packaging cap including the packaged MEMS devices via the accesses of etching solution or
gas [18]. MEMS packaging has application-specific features. In other words, it has different
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approaches depending on application. For example, high-performance inertial sensors
may need vacuum packaging fabricated with solid metal-to-metal bonding, but it could
not be applied to RE-MEMS packaging because such a metallic sealing ring may create
additional loss or undesired parasitic effect at higher frequencies. Another aspect of MEMS
product packaging is integration and packaging with integrated circuit (IC) chips, as MEMS
output signals should be processed for operation. The integration of MEMS and ICs is
implemented through a hybrid multi-chip solution or an SoC solution. SoC solutions have
the fabrication and integration of MEMS and IC components implemented on the same
substrate, and the fabricated chips are separated only at or near the end of the fabrication
process. The hybrid integration of MEMS and IC technology has been implemented by 2D
integration approaches. MEMS and IC wafers are fabricated independently and placed
on a common printed circuit board (PCB) and then interconnected with wire-bonding.
Multi-Chip-Module (MCM) is an advanced integration technique of hybrid integration;
MEMS and IC chips are placed side-by-side in a common package and interconnected at
the package level, typically via wire and/or flip-chip bonding [19]. This approach has
evolved into system-in-packages, also referred to as vertical or stacked multi-chip modules,
consisting of chips that are attached on top of each other and interconnected via wire
and/or flip-chip bonding, either directly or through additional re-distribution layers. The
main benefits of these 3D stacked approaches are their higher integration densities, shorter
signal path lengths, and smaller package footprints/volumes in comparison with the 2D
multi-chip modules. Moreover, package-level system-on-packaging can integrate optics,
wireless communication, and power module along with MEMS and IC on a common
package. For the packaging and integration explained earlier, interconnection techniques
have been important as the packaging size determines the cost of the final product [20-22].
Interconnect techniques frequently used for MCM packaging are wire-bonding, solder balls,
metal stud bumps, and ACF (Anisotropic Conductive Film). Most of the interconnected
techniques require certain amount of pressure at elevated temperature for efficient bonding
between materials in joint. In case of metallic joints, such as solder balls and metal stud
bumps, a relatively thin adhesion or UBM (under bump metallurgy) layer would be critical
for the package reliability, as the adhesion layer could be delaminated or disconnected due
to intermetallic diffusion. In certain cases, the length of metallic interconnect determines
the life-time of the package due to shear stress limit [23].

Due to the emergence of novel electronic devices such as flexible electronics or im-
plantable medical devices, the Si IC should be integrated with flexible substrate to comply
with new applications. Two-dimensional-material-based circuit approaches are attractive
for flexible electronics, but advances in key areas such as robust manufacturing and reliable
mechanical characterization are still necessary [24]. The integration of existing IC and novel
biocompatible polymeric devices is highly demanded for new implantable medical devices,
for example, neural prosthetics [25,26]. Such medical devices should be encapsulated in
a biocompatible way for human body implantation. The reliability and life-time of the
implant system are highly dependent on both packaging materials and technology. In
general, implantable device packaging houses the electronic or mechanical system through
the polymer encapsulation [27], welding, or bonding of metal [28,29] and ceramics [30].
Materials of the polymer encapsulation package include epoxies, silicones, polyurethanes,
polyimides, silicon-polyimides, parylenes, polycyclic-olefins, silicon-carbons, benzocy-
clobutenes (BCB), and liquid crystal polymers. Furthermore, the packaging size of the
implant should be minimized to avoid unwanted foreign body reaction (FBR) during im-
plantation. The biocompatible packaging has been shown in different implantable medical
devices, for example, a cardiac monitoring system implemented with commercial three-axis
accelerometer, pressure sensor device mounted on a stent graft, implantable retina stimula-
tor implemented by MFI (MicroFlex Interconnection) technology, thin-film interconnect for
1000-electrode retina prothesis, etc. [31].

In conclusion, MEMS packaging has been evolved from MEMS device packaging to
MEMS system packaging as the application of MEMS devices has been widely extended.
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Innovative and efficient packaging technologies becomes more and more important as
well as new packaging materials. Concerning heterogeneous integration highly demanded
for new applications, the interconnection between different material such as silicon and
polymers should be adapted in order to reduce mechanical and electrical optimization.
This Special Issue presents 12 research papers and 1 review article on recently developed
MEMS packaging technologies and 3D integration. It will serve to elucidate the need for
new packaging technologies and its recent research trend.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This paper proposed and verified the use of polymer-based packaging to implement the
chronic implantation of neural interfaces using a combination of a commercial thermal epoxy and a
thin parylene film. The packaging’s characteristics and the performance of the vulnerable interface
between the thermal epoxy layer and polyimide layer, which is mainly used for neural electrodes and
an FPCB, were evaluated through in vitro, in vivo, and acceleration experiments. The performance
of neural interfaces—composed of the combination of the thermal epoxy and thin parylene film
deposition as encapsulation packaging—was evaluated by using signal acquisition experiments
based on artificial stimulation signal transmissions through in vitro and in vivo experiments. It has
been found that, when commercial thermal epoxy normally cured at room temperature was cured
at higher temperatures of 45 °C and 65 °C, not only is its lifetime increased with about twice the
room-temperature-based curing conditions but also an interfacial adhesion is higher with more
than twice the room-temperature-based curing conditions. In addition, through in vivo experiments
using rats, it was confirmed that bodily fluids did not flow into the interface between the thermal
epoxy and FPCB for up to 18 months, and it was verified that the rats maintained healthy conditions
without occurring an immune response in the body to the thin parylene film deposition on the
packaging’s surface.

Keywords: polymer packaging; neural interface; chronic implantation

1. Introduction

Until recently, implantable bioelectronic devices have been developed in various
forms for the purpose of monitoring the conditions of diseases through measurements
of biological or neural signals and treating or suppressing specific diseases through
electrical / optical /magnetic/ultrasound-based stimulations. Basically, implantable bioelec-
tronic devices have been packaged with a material that can minimize the occurrence of an
immune response without being damaged or leaking, even when surrounding muscles
move after implantations. Most recently, commercialized bioelectronic medical devices
have used Ti packaging that can minimize deformations from external forces, such as
muscle movements in the main body, and the outside of such packaging is encapsulated
with a silicone elastomer that satisfies biocompatibility. At the same time, the packaging
has a small number of electrical channels which have millimeter-level diameters, so an
individually sealed connector is used to connect it to the main body of implantable bioelec-
tronic devices [1-3]. In addition, since most Ti packaging has relatively bulky dimensions
compared to neural electrodes, the implantable site is limited to the subcutaneous area
of the chest. For the above reason, the neural electrode and the Ti-packaged main body
are connected through a wire while maintaining a certain distance or more. Such a config-
uration does not cause serious problems when the number of channels for neural signal
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monitoring or stimulation signal transmission is small. However, if the number of channels
increases, there is a high possibility of problems due to the plurality of lines connected be-
tween the neural electrodes and the main body. In order to prevent failures or the twisting
of each wire, a method of winding each line in a circle several times in the body is also
applied [4,5]. However, this approach is difficult to utilize as an ultimate solution because
it has no choice but to increase the length of the wire inserted into the body and increases
the area of the location where the immune response in the body occurs. Recently, demand
for a multi-channel neural interface with a high neural signal selectivity and fine local
stimulation has increased remarkably. This multi-channel neural interface is being used
as an advanced approach to implementing a neural signal-based neuroprosthesis for the
daily life recovery of amputees and for electroceuticals, which is rising as a new treatment
technology for chronic diseases [6-14]. The multi-channel neural interfaces basically have
diverse designs depending on the implant sites (brain, spinal cord, peripheral nerve, and
vagus nerve), and each neural electrode is commonly connected to a pre-amplifier device
regardless of whether it is wire- or wireless-driven [11-14]. For the connection between
the neural electrode and the pre-amplifier device, it is common to use wire bonding or an
unsealed connector integrated on a PCB and to mainly use the form of encapsulating the
connection part and pre-amplifier device with a biocompatible polymer [15-19]. However,
the reason to use the small packaging configuration with the biocompatible polymer can
be inferred from the spatial limitation of the implantation site. Moreover, in clinical trials,
the system is generally removed again with a surgical procedure after a certain period of
an experiment [20-22]. Not only has a finite-element analysis study been based on the
characteristics of polymer materials applied to polymer-based packaging and materials
used as a diffusion barrier but also a verification study of a lifetime has been reported
based on a bodily fluid penetration between the polymer insulation layer and the metal
electrodes [23,24]. Consequentially, research on polymer-based packaging methods and
characteristic verifications are insufficient, even though the purpose of the neural interface
is the capability of chronic implantation with the continuous monitoring of the disease
condition and delivering stimulation signals.

As shown in Figure 1, in this study, we introduce the biocompatible polymer-based
packaging approach for chronic implantation with the results of mechanical property
evaluations and acceleration experiments between two kinds of polymers (packages and
neural interface materials). Finally, verification results of the lifetime of actually developed
polymer-based packaging are discussed with the results of in vivo experiments.
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Figure 1. Scheme of polymer-based packaging for neural interface system. (a) Front view
and (b) bottom view show details of packaging inside, (c) overall view, and (d) backside view.
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2. Materials and Methods
2.1. Design and Fabrication of Polymer-Based Neural Interface Packaging Prototype

The neural interface proposed in this study used SPAE (Spiral Probe Array Elec-
trode) [25], a photosensitive polyimide-based neural electrode developed through previous
studies; the neural interface system is constructed by connecting PCB integrated with
pre-amplifier (RHS2116 Stim/Amplifier Chip, Intan Technologies, Los Angeles, CA, USA)
and FPCB (Flexible Printed Circuit Board).

As shown in Figure 1, the proposed neural interface system was encapsulated using
thermal epoxy (EPO—TEK® 302, Epoxy Technology, Billerica, MA, USA) from the neural
electrode interface to the FPCB interface to connect the PCB substrate and the external
system. During the process, square-shaped litmus paper (KA.22-93A, DOOSAN Scientific,
Seoul, Korea) responsive to bodily fluids was added to the backside of the PCB in order to
enable an intuitive visual leakage check. Thereafter, a thin parylene layer was deposited
using commercial parylene deposition equipment (VPC-500, Paco Engineering, Incheon,
Korea) to satisfy the biocompatibility of the outer surface of the packaging.

The detailed process of polymer-based packaging of the neural interface is shown
in Figure 2a. The fabricated neural electrode and FPCB are individually connected with
the PCB through FPC connectors (Molex 502078-3310 and Molex 502078-3760, Molex,
Lisle, IL, USA), and the two FPC connectors are electrically connected to the pre-amplifier
integrated on the PCB for each channel. In addition, a peeler gauge with a thickness of
50 um was attached to the backside of the PCB for the convenience of visually checking
leakage through litmus paper without any difficulty caused by the contrasting effect of
red and green complementary colors (Figure 2a(i)). After integrating each component,
encapsulation was performed using thermal epoxy in a state in which a rectangular
parallelepiped PDMS (Polydimethylsiloxane, Dow Corning, Midland, MI, USA) structure,
which is manufactured with a mixture ratio of 10:1 and a curing condition of 65 °C/1h
and was attached to the back of a PCB (Figure 2a(ii)). The recommendation of the
curing condition of thermal epoxy by the manufacturer was 2 h at room temperature.
However, it is possible to improve the adhesion between the thermal epoxy and polyimide
by adjusting the curing conditions. It should be noted that all thermal epoxy curing
processes have been done at 65 °C for 2 h. (Related information can be found in the
Results in Sections 3.2 and 3.3) PDMS has low mechanical strength and adhesion due
to weak interactions between molecular chains and a lack of polar groups [26]. Various
methods, such as phosphorus and boron synthesis, ultraviolet-ozone treatment, and an
oxygen plasma treatment for improving adhesion, have been studied [27-29], but in
this study;, it is possible to easily remove the PDMS structure after curing the thermal
epoxy due to the low adhesion of PDMS. Thereafter, square-shaped litmus paper with
a circle pattern with an aqueous marker was attached at the corresponding position,
and additional encapsulation was carried out using thermal epoxy (Figure 2a(iii,iv)).
The entire thickness of the applied thermal epoxy was approximately 2 mm, and the
electrode sites of the neural electrode and the metal electrode of the FPCB for electrical
connection were covered with a stretchable polymer film (Parafilm, Bemis Company,
Inc., Neenah, WI, USA), and a parylene layer of thickness of 5 um was deposited using a
commercial parylene deposition instrument (Figure 2a(v)). After parylene deposition,
the stretchable polymer film was removed and the mechanical rigidity was reinforced on
FPCB using a heat-shrink tube to complete the manufacturing of the prototype as shown
in Figure 2a(vi),b.
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Figure 2. Packaging sample preparation. (a) Fabrication process of neural interface system with
polymer-based packaging and (b) result of sample preparation.

2.2. Electrophysiological Experiment Setups

In vitro and in vivo experiments were conducted to verify whether there was a suffi-
ciently applicable performance of the neural interface to which the polymer-based packag-
ing was applied or not. In order to verify the signal acquisition performances of the neural
interfaces to be used before the relevant experiment, the impedance at each frequency was
measured using electrochemical impedance spectroscopy. The impedances of a total of
two neural interfaces were measured, and each measurement result exhibited an average
29.08 kOhm and 32.63 kOhm at 1 kHz. This is a sufficient impedance value suitable for
acquiring a neural signal, and the standard deviation of each average impedance was
simultaneously analyzed to be 5.02 kOhm and 8.17 kOhm; thus, it was also verified that
it had stability. In addition, the neural interface obtained from the measurement result of
Figure 3a was used for in vitro experiment, and the neural interface with the impedance
of Figure 3b was used for in vivo experiment, respectively. As shown in Figure 3c, the
in vitro experiments were configured in a state in which the anode/cathode electrodes,
which were connected to the electric pulse generator (HSE-HA stimulator CS for isolated
cells, Hugo Sachs Elektronik Harvard Apparatus GmbH, Baden-Wiirttemberg, Germany),
and the neural interface and reference electrode, which were connected to the neural signal
acquisition equipment (RHS stim/recording system, Intan Technologies, Los Angeles, CA,
USA), were immersed in a PBS solution. This experiment was a process to verify the
performance and capability of the neural interface that acquired the artificial signal gener-
ated through an electric pulse generator, and the stimulation parameter was constructed
based on the criteria of the general neural stimulation parameter [30-32]. As shown in
Figure 3d, the stimulus parameters were composed of two types (50 pA-100 us-10 Hz and
200 pnA-100 ps-100 Hz). In addition, the corresponding stimulation signal generated by the
electrical pulse generator was acquired and recorded in real time from a total of 32 channel
electrodes using a neural signal acquisition device.
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Figure 3. The results of impedance measurements of (a) neural electrode for in vitro experiment and
(b) neural electrode for in vivo experiment. Electrophysiological experiment setup and stimulation
parameters. (c) In vitro experiment setup in PBS, (d) a couple of stimulation parameters, (e) in vivo
experiment setup with New Zealand white rabbit, and (f) in vivo stimulation parameters.

2.3. In Vivo Experiment Setups

In addition to verification through the in vitro experiment, the in vivo experiments
using the New Zealand male white rabbit was configured as shown in Figure 3e. The
stimulation probe was connected to the electric pulse generator to apply stimulation, and
the neural electrode applied to the neural interface was implanted into the sciatic nerve of
the rabbit for signal acquisition. Implantation of the neural electrode was performed using
a surgical method established using rats in previous study [25], and a 12-week-old New
Zealand male white rabbit was anesthetized through laparoscopic injection of a Zoletil
(Virbac, Carros, France)-Rompun (BAYER, Leverkusen, Germany) with composition ratio
of 3:1. After anesthetizing, the neural electrode was inserted into the sciatic nerve, which
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was exposed through a muscle incision. The verification experiment was conducted under
breathing anesthesia, and the stimulation signal interval was set to 1000 ms so that the
movement of the leg of the rabbit by the sciatic nerve stimulation could be visually classified.
Figure 3e,f show the configuration and results of the in vivo experiment, for which a system
capable of acquiring and recording stimulation signals in real time using neural signal
acquisition equipment was constructed. All procedures for animal testing were performed
through the Institutional Animal Care and Use Committee IACUC) guidelines of the Korea
Institute of Science and Technology (KIST).

2.4. Test Sample Preparation for Polyimide (FPCB)-Epoxy Peel-Off Test

The polymer-based packaging for neural interface in this study was mainly configured
using thermal epoxy encapsulation. After thermal epoxy encapsulation, thin parylene
film, which is widely used as a coating material to prevent immune reactions and achieve
biocompatibility, was deposited. [33-35] In this configuration, thermal epoxy was applied
as a major material for polymer-based packaging, and the adhesion between thermal epoxy
and the material forming the neural interface is directly related to the packaging’s life
and performance. Because the interface is bound to form between thermal epoxy and
polyimide, which is the main component of the FPCB applied for electrical connection with
the neural interface and external system, this interface in packaging is the most vulnerable
site. Accordingly, samples for experiments were manufactured in the order shown in
Figure 4 to verify the adhesion between the thermal epoxy and polyimide depending on
the curing conditions of the thermal epoxy. The experiment was constructed in a form that
could apply tear force and shear force by attaching a specific area of thermal epoxy and
FPCB. First, a sample with a specific area of thermal epoxy and FPCB was manufactured
as shown in Figure 4a. A structure capable of containing a certain amount of thermal
epoxy and a #-shaped structure for preventing the separation of the thermal epoxy from
the sample structure during the adhesion measurement experiment were printed by using
a commercial 3D printer (CUBICON Single Plus-320C, Cubicon, Seongnam, Korea) and
were manually assembled (Figure 4a(i,ii)). Thereafter, thermal epoxy was poured into the
structure and cured at room temperature for 2 h as per recommended curing condition of
the manufacturer (Figure 4a(iv)), and the thermal epoxy surface was covered except for a
pre-determined area with a commercial detachable tape (Scotch® Magic™ tape, 3M, Saint
Paul, MN, USA; Figure 4a(v)). The exposed surface area of the thermal epoxy is established
by 1 mm offset from the outer line of the FPCB to the inside. This offset was set to prevent
the applied thermal epoxy from being attached to the outer line or edge of the FPCB and
acting as an obstacle to adhesion measurement of the interface. To specify a volume of
the second thermal epoxy through the thickness (about 60 pm) of commercial detachable
tape, the identical thermal epoxy was spread to the exposed surface and the squeezing
method was carried out in stencil printing using a peeler gauge with a thickness of 100 pm
(Figure 4a(v)) [36]. In the final step shown in Figure 4a(vi), the second thermal epoxy
curing was performed with an FPCB placed thereon and a weight of 3 kg placed on top
for conformal attachment. Though different products from the thermal epoxy were used
in this research, the curing condition was established based on research results that when
the thermal epoxy, for which studies recommend a room-temperature curing condition, is
cured at a higher temperature, its curing rigidity can be increased [37]. The thermal epoxy
of the sample applied in the experiment was cured at 45 °C/2h and 65 °C/2 h, respectively,
which were higher than room temperature.

10
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Figure 4. Procedures of adhesion evaluation test sample preparation. (a) Process of sample prepa-
ration with uniform adhered area between epoxy and FPBC; (a-i-a-ii) preparation and assem-
bly of 3D-printed sample holder; (a-iii) filling and curing epoxy into vacancy of sample holder;
(a-iv) covering epoxy surface with detachable tape excluding uniform area; (a-v) additional epoxy
filling and squeezing epoxy into uncovered area; and (a-vi) applying FPCB to uncured epoxy and
curing. (b) Tear-test procedures. (c) Shear-test procedures.

2.5. Peel-Off Test Setup for Polyimide (FPCB) Epoxy

Additional structures capable of applying tear force and shear force for the measurement
of adhesion between thermal epoxy and polyimide were configured as shown in Figure 4b,c.
A structure for fixing the FPCB thermal epoxy-attached sample to the chuck of the tensile
experimental equipment and a structure that can be grasped the end of the FPCB by another
chuck of the tensile experimental equipment were output using a 3D printer. The structure
for fixing the FPCB thermal epoxy-attached sample was configured to have a difference
of 90 degree angle to enable tear force and shear force applications, respectively. In the
experiment for evaluating the adhesion between thermal epoxy and polyimide (FPCB) using
the prepared sample, commercial tensile experimental equipment (Shimadzu EZ-S machine,
Shimadzu, Kyoto, Japan) was used and tensile stroke was applied to one end of the FPCB
under conditions of 1 mm/min; the generated force was measured in mN units.

2.6. Acceleration Test Setup

The reliabilities of acceleration experiments using temperature applications higher
than the used temperature are generally derived using the Arrhenius equation as shown

below in Equation (1).
_ A "B\ (1 _ 1
AT/\TzeXp[( k )(T1 Tz)] @
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where E, is the activation energy (eV), k is Boltzmann’s constant as 8.62 X 10~% eV/K,
T; is the absolute temperature of application condition, T, is the absolute temperature
of experiment condition, Aty is the observed failure rate at application condition, and
Arp is the observed failure rate at experiment condition. Although the life of polymer-
based packaging according to the acceleration experiment can be predicted based on the
Arrhenius equation, an acceleration experiment was constructed on the basis that about
100 days of lifetime verification with 300 h of aging can be performed on an environment
30 °C higher than the usage temperature based on Donaldson’s report [38]. Three samples
(a total of 24 samples, 12 45 °C cured samples and 12 65 °C cured samples) were each taken
out at 50, 100, 200, and 300 h of aging while immersed in a 65 °C PBS solution, and then
tear force was applied to evaluate the changes in interfacial adhesion between the thermal
epoxy and FPCB.

2.7. In Vivo Chronic Implantation

To verify the practical applicability of fabricated neural interfaces to which polymer-
based packaging was applied, in vivo experiments were constructed. Neural electrodes
were inserted into rats’ sciatic nerves, and sites, including PCB and FPCB, were placed
in the rats” hind leg muscles and subcutaneously. Insertion surgeries were performed on
a total of two individual rats, and the electrodes were extracted at the times of 8 months
and 18 months after implantation to check for changes in the conditions of the overall
polymer-based packaging, especially applied litmus papers. At the time of extractions,
it was difficult to separate the neural electrodes from the sciatic nerves, so the neural
electrodes were cut and extracted.

3. Results
3.1. In Vitro and In Vivo Characterizations of Polymer-Based Neural Interface Packaging Prototype

In the PBS solution-based in vitro experiment, two artificial stimulation signals
(50 pA-100 ps-10 Hz and 200 pA-100 ps-100 Hz) were applied, and the results acquired
using 32 electrode channels formed in the neural electrode and commercial neural signal
acquisition equipment are shown in Figure 5a. For each artificial stimulation signal, it can
be evaluated that signals similar to stimulation signals were acquired from all 32 chan-
nels. Similarly, for in the in vivo experiment using a New Zealand male white rabbit, it
was confirmed that stimulation signals of 200 pA-100 ps-1 Hz could be obtained from all
32 channels (Figure 5a). In addition, the relevant procedures and results of the in vivo
experiment can be confirmed through Video 51, and the contraction of the leg muscles
of the rabbit with a certain cycle by a stimulation signal can be clearly verified. Through
in vitro and in vivo experiments, it was confirmed that the neural interface to which the
polymer-based packaging was applied operated as an initial purpose. In addition, a quan-
titative analysis of the signals acquired through the experiments was carried out, and
the results are summarized in Table 1. The maximum, minimum, average, and standard
deviation values were derived from the positive and negative regions of the acquisition
signals for a total of three stimulation conditions. Also, the average and standard deviation
values of the entire signal amplitude were also calculated. The difference between the max-
imum and minimum values in each region was up to 342.0 uV under 200 pA-100 us-10 Hz
stimulation conditions, but the standard deviation of the region was 89.7 uV. Even under
other stimulation conditions, the standard deviation in the positive and negative regions
was from a minimum of 26.5 uV to a maximum of 90.8 uV. In a process of acquiring a
signal using a neural electrode, the deviation may sufficiently occur depending on system
parameters, such as electrode impedance, cross-talk between electrodes, and unknown
recording conditions, and the result of impedance measurement research is reported to
be different over time in the same system configuration [39]. In comparison, although the
maximum/minimum value of the total acquisition signal differs, it cannot be determined
that the non-uniform signal was obtained on a single electrode itself because the average
and standard deviation of the total signal size specified in Table 1 are not abnormally large.

12



Micromachines 2022, 13, 516

Accordingly, it is determined that every acquired signal amplitude is a result of different
distances from the stimulation signal-generation position, the difference in impedance for
each electrode, and the cross-talk between electrodes. As a result, it can be evaluated that a
sufficient neural signal acquisition performance and post-processing, such as clustering for
acquired neural signal analyses, have sufficiently possible signal levels.
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Figure 5. Results of in vitro and acute in vivo experiments. (a) Recording results in PBS in vitro exper-
iment with different biphasic stimulation parameters (50 (tA-100 us-10 Hz and 200 nA-100 us-100 Hz)
and (b) in vivo recording results in sciatic nerve of New Zealand white rabbit with biphasic stimula-
tion parameter (200 pA-100 us-1 Hz).
Table 1. Comparison of the characteristics of signals acquired through in vitro and in vivo experiments.
Signal Amplitude (1V)
Stimulation - -
Samples Parameter Positive  Positive = Negative Negative Positive Positive Negative Negative To:?tlugl: To;?tlulzlen
Max. Min. Max. Min. Avg. Std. Dev. Avg. Std. Dev. P P
Avg. Std. Dev.
50 HA-100 183.3 15.3 —63.9 ~189.8 128.3 50.8 1655 26.5 293.8 54.0
In vitro us-10 Hz
sample R
200 wA-100 8965 5545 ~592.0 ~897.6 641.7 89.7 ~816.2 90.8 1457.6 123.0
us-10 Hz
In vivo 200 wA-100 884.8 650.8 —811.8 —899.6 797.9 80.8 —8482 33.9 1646.0 107.7
sample us-1 Hz
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3.2. Adhesion Evaluation of Peel-Off Test

The results of the tear force and shear force experiments conducted for the evaluation of
the interface adhesion between the thermal epoxy and FPCB are as shown in Figure 6. When
shear force is applied to a sample manufactured under a curing condition of 65 °C/2h,
the FPCB is not separated from the thermal epoxy; rather, it fractures at the middle point
of the FPCB. As shown in the graph of Figure 6a, the measurement results of the shear
forces are similar or higher to the tensile strength of the FPCB itself. It means that the sheer
force experiment is not suitable for the evaluation of the interfacial adhesion between the
thermal epoxy and the FPCB (polyimide) because the FPCB can be deformed or fractured
before detaching it. Conversely, in the tear force experiment, it was verified that the FPCB
was separated from the thermal epoxy based on 3.486 N and 8.358 N, respectively, in the
samples prepared under curing conditions of 45 °C/2 h and 65 °C/2 h. As a result, in the
situation with the same physically adhered interface conditions, it was evaluated that the
interfacial adhesion differed more than twice in accordance with the curing conditions of
the thermosetting epoxy.
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Figure 6. Results of Adhesion test. (a) Shear-force induced samples and (b) tear-force induced samples.
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3.3. Lifetime and Characteristics of Acceleration Test

In an acceleration experiment conducted to confirm the changes in interfacial adhesion
according to the curing conditions, a tear force application experiment was conducted
on the samples, which were exposed to a 65 °C PBS solution for 50, 100, 200, and 300 h
aging times. The interfacial adhesion characteristics of the samples, which were prepared
under curing conditions of 65 °C/2 h, are expressed for each aging time period in Figure 7a.
It can be confirmed that the interfacial adhesion increases rather than the results of the
initial tear force experiment until 50 h, 100 h, and 200 h elapse. This means that although
the room-temperature-curable thermal epoxy used in the experiment was cured under
a higher temperature at 65 °C/2 h curing conditions, a full curing was not achieved. In
this regard, it can be determined through the results of Lapique’s research [37] that show
a difference in the degree of full curing depending not only on the curing temperature
but also on the curing time for the room-temperature-curable thermal epoxy. Although it
can be seen that the interfacial adhesion decreased to about 32% when 300 h had elapsed
compared to when 200 h had elapsed, based on the situation where the 300 h elapsed
point was maintained at a higher level than the initial interface adhesion, it can be pre-
dicted that the interface between the thermal epoxy and FPCB maintains its performance.
The acceleration experiment results for the samples manufactured under 45 °C/2 h and
65 °C/2 h curing conditions were summarized in Figure 7b, and the samples with 4 5 °C/2 h
curing conditions showed a tendency to increase interfacial adhesion until 50 h but de-
creased from 100 h and were lower than the initial value at 200 h. Assuming that the body’s
temperature was 35 °C, it can be predicted that the lifetime of the sample manufactured
under the 45 °C/2 h curing condition does not exceed 2 months and that the sample with
the 65 °C/2 h curing condition has a lifespan of 100 days or more.

3.4. In Vivo Chronic Implantation

As shown in Figure 8, the polymer-based packaged neural interfaces, which were
inserted into the sciatic nerves of, fixed to the muscles of, and fixed subcutaneously to
rats, were extracted at the times of 8 months (Figure 8b) and 18 months (Figure 8c) after
their insertions to confirm the discoloration and circle-shaped aqueous ink smudging
of the litmus papers, respectively. Since the discoloration of the litmus papers and the
diffusion of the aqueous ink were not confirmed, it was verified that bodily fluids were not
flowing into the interface between the thermal epoxy and the FPCB interface formed in the
polymer-based packaging; additionally, the polymer-based packaging was not deformed
or damaged even from the hind limb movements of the rats. It was additionally confirmed
that the rats were in healthy conditions, which could be estimated based on their behavior,
the average amounts of daily intake 18 months after the implantations, and the fact that
inflammation caused by the immune response had not formed around the implanted neural
interfaces due to the thin parylene film coating for biocompatibility.
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Figure 7. Results of acceleration aging test in 65 °C PBS solution at 50, 100, 200, 300 h. (a) Results
of tear test of 65 °C cured sample after each aging time and (b) maximum tear force comparison
between 45 °C and 65 °C cured samples.
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(@)

(b)

(c)

Figure 8. Results of in vivo experiments. (a) Two rats after packaged neural electrode implanta-
tions, (b) photograph of neural interface extracted after 8 months of implantation, (c-i) a rat of
18 months after implantation (its hair grew back in the surgical area and maintained a healthy state),
(c-ii) photograph of neural interface extracted after 18 months of implantation, (c-iii) no discoloration
of litmus paper and diffusion of aqueous ink, and (c-iv) an example of discoloration of litmus paper
and diffusion of aqueous ink with bodily fluid contact.

4. Conclusions

To achieve the ultimate purpose of the neural interface, a polymer-based packaging
approach to chronic implantations that was capable of biological monitoring and applica-
tions of various stimulation signals was proposed. The possibility of chronic implantation
was deduced through mechanical property evaluations, acceleration experiments, and
in vitro and in vivo experiments. In addition, it was confirmed that when applying com-
mercial thermal epoxy to polymer-based packaging, it is necessary to establish a full curing
condition for each, not a curing condition proposed by a product manufacturer. Due to
the realistic limitation that the existing neural interface does not operate normally over
18 months, it was necessary to verify the packaging performance by examining for a discol-
oration of litmus paper and a spreading of aqueous ink. However, it was found that the
life of the proposed polymer-based packaging was more than 18 months as bodily fluids
did not penetrate the interface between the thermal epoxy and the polyimide through
as confirmed by examining changes in litmus paper. The packaging technology verified
through this study can be used as a novel polymer-based packaging method for the inte-
gration of neural electrodes and pre-amplifiers for implementing neural interfaces with
various purposes, such as neural signal monitoring or neural stimulation. The packag-
ing method is consequently expected to improve the possibility of chronic implantations
of neural interfaces. Furthermore, analyses of interfacial properties and the optimiza-
tion of application conditions between all the materials used in the packaging includ-
ing the proposed packaging combination have to accompany for reliable polymer-based
packaging accomplishment.
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Abstract: With the rapid development of microelectronics packaging and integration, the failure risk
of micro-solder joints in packaging structure caused by impact load has been increasingly concerning.
However, the failure mechanism and reliability performance of a Cu-pillar-based microbump joint
can use little of the existing research on board-level solder joints as reference, due to the downscaling
and joint structure evolution. In this study, to investigate the cracking behavior of microbump
joints targeted at chip-on-chip (CoC) stacked interconnections, the CoC test samples were subjected
to repeated drop tests to reveal the crack morphology. It was found that the crack causing the
microbump failure first initiated at the interface between the intermetallic compound (IMC) layer
and the solder, propagated along the interface for a certain length, and then deflected into the solder
matrix. To further explore the crack propagation mechanism, stress intensity factor (SIF) of the crack
tip at the interface between IMC and solder was calculated by contour integral method, and the
effects of solder thickness and crack length were also quantitatively analyzed and combined with
the crack deflection criterion. By combining the SIF with the fracture toughness of the solder—Ni
interface and the solder matrix, a criterion for crack deflecting from the original propagating path
was established, which can be used for prediction of critical crack length and deflection angle for the
initiation of crack deflection. Finally, the relationship between solder thickness and critical deflection
length and deflection angle of main crack was verified by a board level drop test, and the influence of
grain structure in solder matrix on actual failure lifetime was briefly discussed.

Keywords: crack propagation; microbump; deflection angle; stress intensity factor (SIF)

1. Introduction

Three-dimensional (3D) integration of silicon dies or wafers has received considerable
attention in the past decade, due to its advantages of higher I/O density, lower RC delay,
capability of heterogeneous integration, and footprint shrinking. Microbumps containing
solder alloys have been deployed for establishing electrical and mechanical connection
between vertically stacked chips [1,2]. Although similar in principle to the well-developed
flip-chip technology, the interconnections using microbumps are still subjected to process
adaptations. Therefore, solder joint reliability plays a vital role in the quality of electronic
products.

Among all reliability issues, drop impact reliability of a solder joint, in particular, is of
great importance and has attracted many researchers. For ball grid array (BGA) level solder
joints typically 200-500 um in size, the main failure mode during drop impact loading is
manifested as cracking along the interface of solder bump and the intermetallic compounds
(IMCs) formed by soldering [3,4], and the joint at the outermost corner is found as the
most critical, which fails along the solder—pad interface [5,6]. F. X. Che et al. found that
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the constitutive model of solder used in the input-G simulation has a major impact on the
stress and strain in a solder joint and on the hardening effect of bulk solder under a high
strain rate during drop impact, which prevents the drop impact energy from dissipating
through the bulk solder and accounts for the interface cracking [7]. However, downsizing
of the interconnection joint size entails the reconsideration of a failure mechanism and
characteristics of the micro-interconnections, as the joints in a chip-on-chip stacking scenario
could use little of the previous studies at a larger scale as direct reference. Therefore, recent
research of drop reliability also focuses on the 3D die-stacking structure. This includes
the study by Chen et al. who determined that the critical position under the board-level
drop impact is the corner of bottom layer of copper via [8], and the reliability improvement
with a thinner IMC layer was revealed by Hsien-Chie Cheng et al. [9,10]. They also found
that the interconnects under the drop test would exhibit a cohesive fracture inside the
solder, which is different from the BGA cases studied by Suh [6,11]. M. O. Alam studied
the parameters of stress intensity factors (SIF, K; and Kj;) around predefined cracks in the
IMC layer of a solder butt joint by using linear elastic fracture mechanics (LEFM) and
found that the SIF values increase sharply when the placement of the crack approaches
near the interface. In summary, the reliability of microbumps for 3D integration under
drop impact draws increasing concerns in interfacial fracture mechanics, as the cracking is
strongly affected by the interfacial mechanical mismatch, and the propagation path will be
complexly determined by both the interface feature and the solder matrix. Some research
works have involved the path selection of the crack near the interface [12], but there is no
description of the dynamic process of crack propagation near the interface.

In this study, we first observed the crack failure of a microbump joint in a chip-on-chip
(CoC) test vehicle under drop test conditions and found that the crack formed at the edge
of the soldering interface, propagated along the interface for a certain length, and deflected
into the solder layer, eventually causing failure of the joint. To elucidate this phenomenon, a
finite-element model was constructed to investigate the crack propagation behavior, based
on basic fracture mechanics theories. The stress intensity factor of the crack tip at the
interface between the IMC and solder is calculated by the contour integral method, and
the propagation path of the solder joint interface crack is studied by using the criterion
of energy release rate versus the fracture toughness in both the original and the deflected
propagation path. Experimental tests for the joints of different solder thicknesses were
carried out and compared with the numerical calculations to validate the model. Finally,
the experimental observations revealed how the grain structure of the solder layer may
affect the actual cracking path and drop lifetime.

2. Setup for Drop Experiment

Figure 1 shows the schematic diagram of the drop experiment. A Chip-on-chip test
vehicle was used, which consisted of a 6 x 6 x 0.5 mm top chip, and a 12 x 12 x 0.5 mm
bottom chip. Both the top chip and bottom chip had a microbump array fabricated on the
surface through a standard lithography—etching—electroplating bumping process. Each
microbump consisted of a Cu pillar, a Ni barrier layer, and a SnAg cap. The two chips were
bonded through a flip-chip thermo compression process by an Athlete CB-600 flip-chip
bonder with an alignment accuracy of &1 um. The temperatures of the bonding head and
bottom suction tool were set at 340 and 100 °C to obtain a peak temperature of 260 °C at the
soldering interface, and the bonding pressure was 0.06 N per bump. Target temperature
and pressure were applied for 30 s. The 5 pm Cu traces on both chips linked each bump to
form two daisy chains, each comprising 24 pair of bumps.

A JEDEC-compliant Salon Teknopajia drop tester executed the drop experiments. The
CoC module was firmly assembled on the center of test board where the impact-induced
distortion is highest. The dimension of the test board also complies with the JEDEC
standard, although only the 1-chip arrangement was used. A daisy chain in the module
was electrically connected to a high speed data acquisition circuit to allow for transient
resistance recording in real-time during drop test. The test board was then fastened onto the

22



Micromachines 2022, 13, 281

base plate by four screws. For each drop, the base plate was raised to the height specified
in JEDEC standard and dropped on the strike surface with the acceleration G measured
to follow the curve shown in Figure 2. For the observation of microstructure evolution,
CoC modules after certain numbers of drops were cross-sectioned and examined under
a field-emission scanning electron microscope (FE-SEM) working at the backscattered
electron imaging mode.

100um

Figure 1. The schematic diagram of drop test and the cross-section images of the unit of the daisy
chain.

Accel. (m/sz) 4
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Figure 2. Impact acceleration of test results.

3. Set up for Simulation and Experiment

A finite-element (FE) code that employs transient dynamics was applied to investigate
the mechanical response of the bump joint structure in a mechanical simulation for the
drop test related above. The material properties in the model are all linear elastic models,
as shown in Table 1. Von Mises stress distribution in the whole model at the moment
of highest impact acceleration is shown in Figure 3a. According to the literature, in the
board-level drop test of BGA, the failure of solder balls was mainly due to peel stress [13].
Here, the reliability of the microbumps is likewise focused by simulating the stress built in
the joints between top and bottom chips. For the outer corner joints, which were subjected
to highest impact stress, the maximum peeling stress is shown in Figure 3b. In the top-side,
IMC was 75.8 MPa, while in the bottom, IMC of the same joints was 91.4 MPa. Therefore,
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the applied load was set from 10 to 90 MPa in the following FE model for the analysis of
interfacial cracking behavior.

Table 1. Material properties of the main parts modeled as linearly elastic [14].

Part Density (g/cm?) Elastic Modulus (MPa) Poisson Ratio
SAC305 0.00736 81,000 0.347
IMC 0.00855 114,000 0.318
Ni 0.0089 199,000 0.312
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Figure 3. (a) Von Mises stress distribution of solder joint; (b) maximum peeling stress curves in a
microbump joint during the impact load.

Because the solder joint has a cylindrical symmetry, the model for the calculation of
the stress intensity factor at the crack tip is a two-dimensional model based on plane strain
(Figure 1), which has an Sn-3.0Ag-0.5Cu solder(SAC305)-IMC-Ni sandwich configuration
with dimensions of 100 x 20 um, 100 X 1 pm, and 100 x 2 pm, respectively. A zero-
thickness crack is preset at the interface between the IMC and solder layers, and the crack
length is variable. The method of presetting the zero-thickness crack is the common point
method. The surface morphology of IMC is ignored, and the interface between IMC and
the solder is assumed to be flat. With an IMC thickness of only 1 um, the possible void
formation around the IMC layer was ignored, and the Ni-IMC interface was considered
as ideal. The bottom of the copper pad is a fixed end, and a static-type tensile load is
uniformly applied on the upper surface of the solder.

The interaction integral method is used to solve the stress intensity factor at the crack
tip. Because the crack in the model is on the interface between the IMC and the solder,
the elasticity of the material on each side is different; thus, discontinuity appears on the
interface. To ensure the calculation accuracy, the integral path of the contour is processed in
sections. The mesh of the model adopts the region division method, and the smaller mesh
size is used at the crack tip to ensure the solution accuracy, as shown in Figure 4. Affected
by the thickness of the IMC, the mesh quality of the grid in the crack tip decreases sharply
from the first to the fourth layer. Therefore, the average stress intensity factor calculated by
taking the four integral contours at the innermost layer in the crack tip is utilized as the
stress intensity factor around the crack tip.

IMC 1um

Ni 2um

Figure 4. Model for calculating the stress intensity factor under different crack lengths.
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4. Results and Discussion
4.1. Failure Mode and Mechanism of Microbumps

In order to determine the failure characteristics of microbump interconnections under
drop impact, first, the recording of the transient resistance of the daisy chain was plotted
against the drop counts, as shown in Figure 5. The resistance change contains three distinct
stages. Stage I denotes the period in which resistance value R remained unchanged; this
stage typically lasts for the first 60 drops. Then, in several tens of following drops, denoted
as stage II, fluctuation of R is detected, with the peak value not exceeding 120% of the
original value. Later, R experiences a period of drastic fluctuation that it increases to far
more than the initial value, and the daisy chain becomes completely open in less than
80 drop counts. In order to further explore the crack propagation mechanism, the drop
samples were sliced and analyzed at different stages of circuit damage during continuous
drop test. Figure 6a is a cross-sectional SEM of the sample without a drop test, and it can
be seen from the figure that the IMC interface formed under the hot pressing bonding
conditions used in the experiment is of good quality. As shown in Figure 6b,c, after the first
50 drops, a micro-crack was visible at the end of the IMC—solder interface of the bottom
chip side. After the circuit was completely disconnected, a through crack could be observed.
It can be concluded that the solder joint accelerated failure after crack propagation and
deflection. Therefore, the resistance change pattern can be used to estimate the extent to
which the structural damage of a critical microbump has progressed. It can also be seen
that the joint degradation accelerated after the crack deflection since a significant spurt of
resistance corresponds to the rapid shrinking of the residual joint area in this stage.

8-

Resistance (Q)
B
1

T T T
0 50 100 150 200
Drop count

Figure 5. Typical resistance curves of daisy chains under drop test.

Figure 6. Cross-sectional SEM of the microbumps at different stages of drop impact. (a) Cross-
sectional SEM of the sample without drop test; (b) after 50 drops; (c) after the circuit is completely
disconnected.

4.2. Stress Intensity Factor Analysis of Solder—IMC Interface Crack under Quasi-Static Load
4.2.1. Relationship between Stress Intensity Factor at Interface Crack Tip and Crack Length
Figure 7 shows the von Mises equivalent stress distribution at the crack tip when the
load is 10 MPa and the crack length is 10 and 20 um. It can be seen that the equivalent
stress of the crack tip increases as the crack length increases, and the high equivalent
stress appears both on the solder and IMC. However, it does not mean that failure or
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crack propagation will definitely occur in these locations. Under tensile load, the crack
between the upper layer and the substrate initiate from the free edge of the actual specimen,
especially where defects such as cracking or void brought by the bonding process existed.
The initial crack first expands along the interface to a certain depth and then propagates
along the interface or is deflected to the solder matrix, which depends on the energy release
rate of the two propagation paths. Therefore, the energy release rate will be used to judge
whether the crack is initiated and propagated, and the stress intensity factor will be used to
determine the crack tip propagation path.

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

(a) (b)

Figure 7. The Von Mises equivalent stress distribution in the crack tip with the crack length of:
(a) 10 um; (b) 20 um.

The relationship between the stress intensity factor at the crack tip of the IMC—solder
interface calculated by the interaction integral and the crack depth is shown in Figure 8. It
can be seen that the stress intensity factors of Ky and Ky of the interfacial crack tip increase
with an increase in the crack length under the same load, and the Ky will increase quickly
due to the elastic deformation of the solder, which leads to the increasing tendency of the
type II cracking mode and possibly the crack deflection as well.
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Figure 8. The relationship between the stress intensity factor of the interface crack between the IMC

and the solder and crack depth.

Polynomial fitting is performed for the stress intensity factor at the crack tip with
different crack lengths in the figure, and the fitting expression is as follows:

3.7 x 10342 4+ 1.7 x 10%2a + 0.013 ¢ = 10MPa
K=< 18.6 x 103a* + 8.5 x 10%2a + 0.65 ¢ = 50MPa 1)
33.3 x 10%4%2 + 154 x 1024+ 1.2 ¢ = 90MPa
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5.44 x 10%a%2 — 1.27a — 0.054 o = 10MPa
K=1{ 272 x10%? —5.681z —0.265 o = 50MPa )
489 x 10332 — 9.77a — 048 ¢ = 90MPa

where o is the peel stress loaded on the upper surface of the solder and a is the crack length.
Comparing the stress intensity factors of Ky and Ky under three loads, it can be seen that Ky
and Kjj are proportional to the load, because the material model used in the simulation is a
linear elastic model. Therefore, the expressions of Kj and Kjj can be rewritten as follows:

K = 3.7 x 102420 + 17a0 + 0.0130 3)
K = 5.44 x 10%4%20 — 0.127a0 — 0.00540

4.2.2. Influence of Solder Thickness on Stress Intensity Factor of Interface Crack

In the existing research on solder joints of several hundred micrometers, due to the
much lower elastic modulus of solder versus the rest part of a joint, the solder volume
plays an important role in the mechanical properties of the microbumps. If the thickness of
the solder layer is too small, the mechanical properties of the microbumps will be adversely
affected. The solder thickness in a microbump-based die stacking 3D integration structure
is greatly reduced compared to the flip chip interconnection, which necessitates the research
on the dependence of SIF on the solder thickness quantitatively. Figure 9 compares the SIF
evolution with a progressing crack under different solder thicknesses from 15 to 30 um.
It can be seen that both K; and Kjj increase with a decrease in solder thickness. This
phenomenon is plainly explained by the stress distribution around the crack tip, as shown
in Figure 10. The elastic mismatch between IMC and the solder causes stress concentration
around the crack tip, which is better alleviated with a thicker solder layer, as can be judged
from the more uniform distribution of stress across the cross section of analysis. Therefore,
switching from the spherical solder bumps to the Cu pillar-based microbump joints is
believed to pose additional failure risk under the drop impact condition.
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Figure 9. The relationship between the stress intensity factor Kj of the interfacial crack tip and solder
thickness under different solder thicknesses.
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Figure 10. The von Mises equivalent stress distribution in the crack tip with different solder thick-
nesses: (a) 20 um; (b) 30 um.

4.3. Investigation on Crack Growth Behavior

The analyses above have revealed the increase in the stress intensity factors Ky and
Ky with increasing crack length. Further investigation of the crack propagation behavior,
especially the propagation path, needs the quantitative analyses on the crack tip energy
release rates /1 and J,. Hu [15] found the propagation behavior of a semi-infinite plane
crack at the interface of a two-phase material in 1989 and revealed that theoretically the
crack deviated from the original main crack propagation path by a minimum length. They
further deduced the relationship between the stress intensity factor after crack deflection
and along the original path. The maximum energy release rate can be used to determine the
crack deflection angle. The criterion of deflection of quasi-static interface crack propagation

behavior is as follows: c r
S
- > — 4
c T, 4)

Among them: G; = | = \/]% + ]%, G = IE—:, I is the fracture toughness of the solder,
and I is the fracture toughness of NizSng IMC. In this paper, the maximum fracture
toughness of solder SAC305 is set to be 295 N/m, which is measured by Loo [16]. To be
able to directly compare the fracture toughness values of the Ni-Sn—-IMC interface from
the various existing research, the fracture toughness is converted into a critical stress
intensity factor. For the Ni3Sny layer, a critical stress intensity factor of 4.22 4 0.45 MPa
m!/2 measured by Ghosh [14] was adopted, which equals 165.5 N/m; thus, we obtain
FLi = 1.78. It can be seen from the expression of the crack tip energy release rate that
when the material is of linear elastic property, the ratio % is irrelevant to load. For the
convenience of calculation, the ERR is calculated with the uniaxial load of 50 MPa, and the
IMC and solder thicknesses are set as 1 and 20 pum, respectively. The energy release rate at
the interface crack tip under different crack lengths is calculated as follows:

For the homogeneous two-material interface:

KK
— o 5
h E* cosh?(7re) ©)
Re[Kr¢]Im[Kr€]  1—1y _2 1-1, ,
=— X 1—e ™)+ —=(e™ -1 6
J2 e cosh () [ ym ( ) o ( )] (6)
where ¢ is the oscillatory index

1, 1-8

€= 2 nGp) @
f is the second Dundurs’ constant

B pa(ka —1) = pa(x1 — 1) ®)

P12 +1) + pa(xg +1)
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and « is Kolosov’s constant

3 vp plane stress
Kk = T+v, 9)
3 — 4v, plane strain

where
1 1-— 1 1- 1%

E* | 4p 4p2
The results of the relevant parameters of the dual-material SAC305-IMC interface in

the above formula are shown in Table 2. The trend of % with crack length is calculated, as
shown in Figure 11.

] (10)

Table 2. Parameters of two-material SAC305-IMC interface.

Parameters
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Values
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Figure 11. The variation trend of % with crack length.

Hu found that the interface cracks start from the free edge of the sample, propagate
at one to two times the thickness of the film along the interface, and then deflect into the
matrix, expanding to a depth of four to five times the thickness of the film and finally
parallel to the interface. From Figure 11, it can be seen that the ratio of the crack tip ERR
after deflection to that propagating along the interface increases with the increase in the
main crack length. When the main crack expands to a length of about 16 um, the ratio
will be greater than the ratio of the fracture toughness of the solder matrix to the fracture
toughness of the interface. At this time, the crack will deviate from the original interface

path and deflect into the matrix. The deflection angle is calculated by w = arctan’ % ',

and we can find w = 42°. It can also be seen from the above figure that if the ratio of the
fracture toughness of the solder matrix to the interface fracture toughness is greater than
the ratio between two paths, then the crack will always expand along the interface without
deflecting to the solder matrix.

Figure 12 compares the influence of solder thickness on the interfacial crack growth
behavior. It can be seen from the figure that when the solder thickness decreases, the critical
main crack length for crack deflection will decrease. When the solder thickness is 15, 20, 25
and 30 um, the critical crack deflection length is 16, 23, 27 and 29 um, respectively, due to
the reason related in Section 4.2.2, i.e., the decrease in solder cushioning causes an increase
in stress concentration in the solder matrix, thus increasing the advantage of deflected
cracking path.
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Figure 12. The influence of different solder thicknesses on interfacial crack growth behavior.
Figure 13 shows the variation of arctan 1J2/J11, or in other words, the virtual crack
deflection angle, whether or not deflection actually takes place. With the main crack length
under different solder thickness conditions, the angle increases rapidly at first, and then
closes to a constant value. The crack deflection angle trend is consistent with the research of

HH YU et al. on the interfacial cracking behavior of chromium films on silica substrates [12].
The asymptotic value of the crack deflection angle is about 42°.
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Figure 13. Relationship between the crack deflection angle and the main crack length under different
solder thicknesses.

5. Experimental Validation and Discussion

The cross section of the solder joint in the case of drop failure with different solder
thickness is shown in Figure 14. According to the SEM analysis, when the solder thickness
is 20 um, the crack length of 8 um deflects, and the deflection angle is 32.8°. When the
solder thickness is 30 um, the crack length of 28 um deflects, and the deflection angle
is 37°. When the solder height is 37 um, the crack length of 32 um deflects, and the
deflection angle is 30.4°. The measured deflection angle of the interfacial crack is 30° to 40°,
which is larger than the asymptotic value of deflection angle at the moment of deflection
initiation, calculated by numerical simulation. This is owed to the microbump not only
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being subjected to normal stress, but it is also subjected to a shear force parallel to the
interface during the drop experiment, while the load used in the numerical calculation
is only the normal stress. In practice, when the crack propagates to a certain length, the
portion of type II cracking produced by the shear stress cannot be negligible. The change of
initial deflection angle versus the solder thickness is in good agreement with the numerical
calculation based on ERR and fracture toughness. Therefore, in general, the numerical
methods adopted in this paper can be used as an effective way to predict the cracking
behavior in an actual microbump joint.

Figure 14. Cross section of the solder joint with different solder thicknesses, listed as: (a) 20 um; (b)
30 um; (c) 37 um.

The actual crack propagation behavior is affected by many factors, such as interfacial
defects or inhomogeneity of microstructure. There is a clear competition between interfacial
propagation and solder matrix propagation; for example, it was found in the test vehicles
of inferior interfacial strength, e.g., the bonding was carried out at lower than optimal
temperatures, and the crack would not deflect due to the increased value. In addition, the
competition of the crack path in a well-bonded test vehicle is often observed as minute
crack branching, as shown in Figure 15. These small-scale branched cracks often terminated
within 1 pm. As the fracture progresses, the deflected path gradually gains favor.

Figure 15. Crack branching during the initial stage of the drop test: (a) The minute crack branching
increase as the fracture progresses; (b) The first crack branching.

The explanation for the crack branching is that the grain boundary is the low strength
region and alternative crack propagation path. Here, a test vehicle with Cu-SnAg—-Cu
microbump structure was used to enhance the interfacial reaction, and the joint was ion-
milled cross-sectionally before SEM observation to exhibit grain contrast, as shown in
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Figure 16. The second phase was identified as CugSns IMC. IMC particles can be seen
clearly in the junction of Sn grains, which is formed by Cu atoms diffusing along the grain
boundary and precipitating in the junction in the form of CugSns during the solidification
process. These CugSns particles play a significant role in the arresting and deflection
of cracks. As can be seen in Figure 16a,b, crack tips meet the second phase and stop
propagating. A higher driving force is required to either propagate around the second
phase by deflection, or to continue through the second phase, the latter being less probable
from an energetic point of view. Therefore, once arrested by the boundary junction, cracks
would further proceed along the boundary of the IMC particle and Sn grain, while the
preferred direction of all possible ones is related to the deflection angle, finally forming
fracture patterns that differ from one sample to another in shape. The AgsSn IMC grains
were believed to not have a significant impact on the crack propagation path since they were
present in the form of a primary eutectic component located inside each Sn grain [17,18]. It
has been previously reported that under thermal cycling or coupled thermomechanical-
electrical load, the fatigue crack preferred an intergranular propagation path [19,20], in
which case, the reconstructed grain structure and recrystallization might contribute to the
weakening of grain boundary strength. This inclination seems to apply well to the highly
dynamic and purely mechanical drop impact scenario. We can also reasonably suspect
that if the interfacial IMC grows to a certain thickness that leaves visible voids due to the
volume shrinkage effect, the bonding interface will be much weakened in that the crack
will only propagate along the voided interface.
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Figure 16. Influence of second-phase particles on crack propagation path: (a) crack tips meet the
second phase and stop propagating; (b) The crack propagate around the second phase by deflection;
(c) EDX analysis diagram.
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Combining the results in Figure 5, it can also be further deduced that the stage III
of resistance change plays a significant role in determining the joint lifetime under drop
impact, and one possible way to enhance the durability is to eliminate the grain boundaries;
thus, the deflected path would cost higher energy than in a joint of the multi-grain solder
layer. The research of controlling the grain number of the solder layer in a microbump joint
is currently ongoing among various researchers [21,22].

6. Conclusions

In this paper, we report for the first time the cracking failure characteristics in mi-
crobump joints for chip-on-chip stacked interconnections. Experimental tests were carried
out using a JEDEC standard test board to reveal the joint resistance change and the crack
morphology. To elucidate the crack deflection during the joint degradation process, a local
finite-element model was established to calculate the stress intensity factor at the crack tip,
and the numerical results were further incorporated into a fracture mechanics model to
obtain the crack deflection criteria. The main conclusions are summarized below:

(1) The main failure mode of microbump interconnections for 3D CoC packaging is that
cracks were first initiated at the edge of the IMC—solder interface. After propagating along
the interface for a distance, they deflected into the solder matrix, eventually penetrating
the entire joint. The electrical resistance change is closely linked to the cracking progress.

(2) Stress intensity factor of a zero-thickness crack tip at the interface of the solder and
IMC is calculated under quasi-static load by the method of interaction integral method.
Both Kj and Kjj increase with the increase in the crack length under the same load, and
reducing the solder thickness causes higher SIF due to less alleviated mechanical mismatch.

(3) The crack propagation path is studied using a criterion based on energy release
rate and fracture toughness. The calculation results show that the cracks on the interface
between the solder and IMC will deflect into the solder matrix after extending to a certain
depth along the interface. The deflection angle for crack initiation converges to 40° with the
increase in crack length. The critical length of the main crack for crack deflection increases
with the increase in solder thickness, which is experimentally confirmed by an actual drop
test on samples with different solder heights.

(4) The crack propagation path in actual drop test samples was influenced by factors,
including the actual strength of the bonding interface and the grain structure of the solder
layer. Grain boundaries are the favored path for the deflected cracks.
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Abstract: For the integration of a reactive multilayer system (iRMS) with a high exothermic reaction
enthalpy as a heat source on silicon wafers for low-temperature bonding in the 3D integration and
packaging of microsystems, two main conflicting issues should be overcome: heat accumulation
arising from the layer interface pre-intermixing, which causes spontaneous self-ignition during the
deposition of the system layers, and conductive heat loss through the substrate, which leads to
reaction propagation quenching. In this work, using electron beam evaporation, we investigated the
growth of a high exothermic metallic Pd /Al reactive multilayer system (RMS) on different Si-wafer
substrates with different thermal conduction, specifically a bare Si-wafer, a RuOy or PdOy layer
buffering Si-wafer, and a SiO,-coated Si-wafer. With the exception of the bare silicon wafer, the RMS
grown on all other coated wafers underwent systematic spontaneous self-ignition surging during
the deposition process once it reached a thickness of around 1 um. This issue was surmounted
by investigating a solution based on tuning the output energy by stacking alternating sections of
metallic reactive multilayer Pd/Al and Ni/ Al systems that have a high and medium enthalpy of
exothermic reactions, respectively. This heterostructure with a bilayer thickness of 100 nm was
successfully grown on a SiO,-coated Si-wafer to a total thickness of 3 um without any spontaneous
upsurge of self-ignition; it could be electrically ignited at room temperature, enabling a self-sustained
propagating exothermic reaction along the reactive patterned track without undergoing quenching.
The results of this study will promote the growth of reactive multilayer systems by electron beam
evaporation processing and their potential integration as local heat sources on Si-wafer substrates for
bonding applications in microelectronics and microsystems technology.

Keywords: multilayer reactive bonding; integrated nanostructure-multilayer reactive system;
spontaneous self-ignition; self-propagating exothermic reaction; Pd/Al reactive multilayer system;
Ni/ Al reactive multilayer system; low-temperature MEMS packaging

1. Introduction

The adoption of integrated reactive multilayer systems (iRMS) as a bonding technique
in microelectronics and micromechanical systems (MEMS) has recently started to gain more
attention and traction in microsystems technology [1-6]. The reactive bonding at microme-
ter scales using bond frames with dimensions of a few micrometers makes reactive bond
interface engineering using traditional freestanding reactive multilayer foils not practically
feasible (i.e., due to the difficulty of foil handling, patterning, and positioning). Therefore,
integration processing by the deposition/patterning or the patterning/deposition of re-
active multilayer film systems directly on silicon wafers or other substrate components
presents an interesting research challenge.

Reactive bonding uses a highly reactive nanoscale multilayer system as a self-heating
source between joining substrates. The heat generation after an external initiation is created
by a self-propagating exothermic reaction of the integrated RMS [4,5,7,8]. The integrated
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reactive bond induces local heat to the bonding interface; such limited heat/temperature
quenches locally through the substrate material. This allows temperature-sensitive micro-
devices located outside the interface and materials with different coefficients of thermal
expansion (CTE) to be bonded without thermal damage.

Generally, the reactive multilayer system typically consists of several alternating
layers (up to hundreds) of two or more different reactant films combined as metal /metal,
metal /oxide or metal/metalloid [9,10]. The bonding thermal energy source results from the
exothermic reaction by the interdiffusion of adjacent material layers [8,11,12]. The required
bonding energy level is chosen based on the negative enthalpy of the formation of material
combinations [8,10]. It is also necessary to consider that the integrated reactive multilayer
systems in bonding should be composed of highly reactive materials, which can release
higher amounts of exothermic energy. This is important in order to assure a self-sustained
propagating exothermic reaction and compensate for the heat absorbed in the bonding
interfaces [2,8,13,14], such as the conductive heat losses through the hosting substrate or
bonded component partners [14,15]. However, the use of highly reactive reactants has
given rise to different issues. The most disadvantageous is the spontaneous self-ignition of
RMS during thin reactant layer deposition. With existing standard sputtering equipment
without an active substrate cooling system, it is not possible to deposit any number of
individual layers; after just a few layer superpositions, these piled layers self-ignite and
react before the coating process has reached the final requested total layer number [2,8].

Other issues include the reaction initiation effect during RMS handling, premature
intermixing at the interfaces of stacked RMS reactant layers [12,16-18], and RMS ignition
in a strong explosive exothermic reaction leading to the vaporization or ejection of the
reaction product [19-22]. It should also be noted that the partly self-reacted RMS and pre-
intermixed reactant layer interfaces are considered to be among the main factors preventing
the reliable initiation of self-propagating exothermic reactions at room temperature in
integrated RMSs [12,16-18]. These partially consumed reactants reportedly reduce the
potential heat energy required for the reaction ignition and propagation [12,16-18].

The goal of this investigation is to integrate highly reactive reactant film layers directly
on Si-wafer substrates using a conventional electron beam deposition system that is not
equipped with an active substrate cooling setup. To avoid the delamination of deposited
layers and reduce internal mechanical stresses within the reactive multilayer system, the
total thickness of the integrated reactive multilayer system (iRMS) should not exceed
5 um [2,7,8]. Furthermore, to overcome the limitation of the standard photoresist lift-off
patterning technique used in the preparation of iRMS pattern samples, the maximum total
thickness of the deposited RMS was limited to 3 um. Hence, a smaller iRMS thickness con-
tributes to cost-efficiency by using smaller amounts of noble metals, which are commonly
used as reactants in RMSs that supply high thermal energy.

In this work we investigated the integration of Pd / A1 RMS on a silicon substrate coated
with different thermal barrier layers. The RMS deposition was performed on a bare silicon
wafer, a RuOy-buffered Si-wafer, a PdOy-buffered Si-wafer, and a SiO,-coated Si-wafer.
It has been shown that the Pd/Al iRMS can, in principle, be used for reactive bonding.
However, as Pd/ Al iRMS is highly exothermically reactive, spontaneous self-ignition and
propagating reactions during deposition could happen frequently when the thickness of
the deposited RMS reaches a critical value. It was also observed that for a substrate that
has a low thermal conductivity, the high-confined released heat and its associated high
temperature in the ignited iRMS led to reaction propagation in an explosive-like manner
with a partial evaporation/ejection of the reaction product. To overcome these issues,
we attempted to mitigate the reactants’ reactivity effect by alternately stacking a highly
exothermic heat-releasing RMS with a relatively lower or medium RMS. The alternating
combination of multi-sections of a pure metallic stack Pd /Al RMS with a high enthalpy
of mixing with a pure metallic stack Ni/Al RMS that had a moderate enthalpy of mixing,
deposited together on a SiO,-coated Si-wafer, demonstrated the successful growth of a full,
intact iRMS with a thickness of 3 pm with no spontaneous self-ignition surging. It was
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also confirmed by thermal measurements that this combination, by alternately stacking
different RMSs with different exothermic heat enthalpy, is an efficient way of modulating
the reaction heat release. Moreover, these grown multi-section Pd/Al-Ni/Al iRMS samples
exhibited ignition, which led to a self-sustained propagating reaction that was feasible by a
simple triggering with an electrical DC pulse at room temperature.

2. Materials and Experimental Techniques

The reactive multilayer thin-film systems were deposited using an electron-beam
evaporation system (KVE & T-C500200, Korea Vacuum Tech, Ltd., Gimpo-si, Korea). The
substrate holder of this system was not equipped with an active substrate cooling accessory.
The substrates were prepared in accordance with the standard RCA cleaning method.
Depositions were performed at room temperature and at a base pressure of 5 x 1078 Torr.
Generally, such deposition conditions promote nano-grain formation in a columnar-like
structure that is basically controlled by the reduced atomic mobility of the deposited
species on the substrate, and self-shadowing during film growth [23,24]. The substrates
on which the iRMS was deposited were 4” (100) bare Si-wafers, Si-wafers coated with
thermally grown SiO, (1 pm thick), and Si-wafers buffered either with SiNy/RuOy/Cr
or SiNy/PdOy/Cr stacks with respective layer thicknesses of 50 nm /60 nm/10 nm. The
iRMS systems were deposited by an alternating e-beam evaporation of the reactant layers
(Pd and Al for Pd/Al RMS and Ni and Al for Ni/ Al RMS), from high purity targets (Al
99.9995%, Pd 99.9995%, and nickel 99.9995%). For the buffering (Ru, Pd) and adhesive (Tij,
Cr) layers with respective thicknesses of 60 and 10 nm, the deposition was from targets
with respective specific purities of 99.95%, 99.9995% and 99.9995%, 99.9995%. The thermal
oxidation of Ru- and Pd-buffering Cr/Si-wafers was performed in a quartz tube furnace
with flowing oxygen at 350 °C for 30 min (MTI Korea). After oxidation, the elemental
distribution in the thickness direction was achieved by Auger electron spectroscopy (AES)
using the depth profile technique (VG Scientific MicroLab 350). The SiN diffusion barrier
layer, capping RuOy and PdOy-buffered Si-wafers, was grown by a low-pressure chemical
vapor deposition method at 200 °C (LPCVD; E-1200, Centrotherm).

The thickness ratio of the bilayer reactants was determined in relation to a stoichiomet-
ric ratio of 1:1, corresponding to the maximum heat release from both Pd/Al and Ni/Al
RMS. The Pd/Al-iRMS is a high-energy system and the Ni/Al-iRMS is a medium-energy
system. The standard formation enthalpies for the stoichiometric ratio of 1:1 used here in
this work for both systems are, respectively, —90 and —59 kJ/mol [25,26]. The different
investigated iRMSs were grown with bilayer periods (8) of either 50 nm, 100 nm or 200 nm,
and total heights of either 1 pm, 2 um, 2.4 um or 3 pm.

The RMS films were integrated by a lift-off technique. The different tailored RMS host
geometries on the photoresist-coated Si-wafer were a photo-lithographically transferred
replica of motifs patterned on a chromium glass photomask using a contact aligner (EVG
640, EV Group, Austria) for ultraviolet light exposure up to 170 mJ/cm?. The patterned
geometry of iRMS traces emerged by dissolving the photoresist with acetone and, thus,
systematically releasing the metal deposited on it. All iRMS samples were patterned mainly
in shapes of small, squared pads connected either to rectangular frames or to serpentine
paths, simple long stripes, and some simple large rectangular areas (see Figure 1). Such
patterning would be practical for measuring, under a high-speed recording camera, the
front speed of the propagating reaction as well as confirming the reaction’s ability to
propagate through different complicated bonding paths. The square pad in the iRMS
patterns served as a starting local area for the ignition triggering.
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Figure 1. Different integrated reactive multilayer systems (iRMS) pattern shapes used for the
observation of reaction propagation behavior (the initiation of the iRMS ignition using a Joule heating
effect can be carried out by the application of the DC bias current either directly on the reactive pads
or through gold contacts (yellow pads) connected with a titanium line (red stripes)).

Microstructure, composition, and elemental distribution analyses of the as-deposited
iRMS films and the reaction products were performed on the lamellae of selected cross
sections by using a field emission transmission electron microscope (FE-TEM, JEM-2100F
HR, JEOL, Japan) and a Cs-corrected scanning transmission electron microscope (STEM,
JEM-ARM200F, JEOL, Japan) equipped with an energy dispersive X-ray spectrometer (EDS)
for elemental mapping. Transmission electron microscope (TEM) image scans were taken
with an emissive gun operating at an acceleration voltage of 200 kV, and EDS analyses
were performed with an acceleration voltage of 15 kV and a step size of ~0.25 pm. The
lamellae-like samples were prepared by means of a dual-beam focused ion beam apparatus
(FIB, Helios NanoLab, FEI, Netherlands) equipped with an omniprobe lift-out system.

The reaction propagation speed was determined by recording the reaction propagation
path in the patterned iRMS with a high-speed camera (i-SPEED 221, iX Cameras, Frames at
Max. Res.: 600 FPS, European Union). The initiation of the self-propagating reaction front
was made by setting a DC power supply to 10 V/max. 1 A, which was applied between
two tungsten needle probes with sharp tips.

The reaction heat of the as-prepared reactive multilayer systems was assessed by
using a differential scanning calorimeter (DSC) (NETZSCH, DSC 404F1, Germany). The
samples were freestanding, reactive multilayer nano-foil strips previously integrated by
depositing an RMS film on 250 nm sacrificial Cu-layer-coated Si-wafers. The nano-foil strips
were released from wafers by selective Cu-layer etching in an acid immersion solution of
ammonium persulfate (20% (NH4)25,03 + H,O). DSC measurements were carried out on
samples of ~5 mg placed in an alumina crucible and heated in a temperature ranging from
room temperature (RT) to 800 °C at a constant rate of 40 °C/min in an atmosphere of Np
and Ar gases flowing at rates of 50 and 20 mL/min, respectively.

In cases where the cross section preparation of intact TEM specimens by FIB cutting
was not possible, the morphological surface characterization of iRMS was carried out using
a digital optical microscope (KEYENCE VHX-6000) and the crystalline structure and phase
composition were examined by an X-ray diffractometer (XRD, SmartLab, Rigaku Corpo-
ration, Japan) operated in Bragg-Brentano 8-20 geometry mode with a CuK« radiation
source (k = 1.5405 A) at 40 kV and 40 mA. The scans were performed with a 20 step size of
0.02° in the 20 range from 20° to 90°.
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3. Results and Discussion

Before presenting the results of this work, we need to give information about our
targeted experiments that allowed us to obtain the following experimental results. Our
calculation based on thermal transfers (not presented here) showed that in order to obtain
ignition at room temperature with a sustained propagating reaction in Pd/Al iRMS with
a bilayer period of 100 nm grown directly on a Si-wafer, a reactive multilayer stack with
a total thickness over 5 um is needed. However, this is technically contradictory to what
is mentioned in the introduction (the limitations of mechanical stress and photoresist
patterning). Furthermore, the calculated thickness leading to ignition with reaction propa-
gation at room temperature for a Pd/Al RMS with a bilayer period of 100 nm grown on
a S5iOy-coated Si-wafer was determined to be around 1.6 um and higher. However, the
high thermal insulating SiO; layer did not help to reach the aimed iRMS thickness due
to heat accumulation, which led to spontaneous self-ignition and a propagating reaction
during deposition. Therefore, to remedy such issues by assuring heat sinking during
multilayer stack deposition and heat damming during the self-sustained propagating reac-
tion, a technical solution based on building an instant thermal barrier was carried out by
inserting thin metal oxide buffer layers of either RuOy or PAOy between the Si-wafer and
the iRMS film. These buffering layers, with a thermal conductivity that was much higher
than that of 5iO, during RMS deposition (for comparison, the thermal conductivity value
of wafer-covering layers and the equivalent thermal conductivity of their superposition
are given in Table 1), would easily dissipate the accumulated heat in the multilayer stack
down to the Si-substrate sink and would, thereby, avoid self-ignition. In contrast, in an
effective RMS ignition test, for which a sustained propagating reaction is expected, the high
temperature attained as well as the dissipated heat would diffuse oxygen down from the
oxide buffer layer and simultaneously oxidize the Si-wafer surface progressively along the
propagation path. This results in the formation of an instant local thermal barrier interface,
thereby avoiding self-propagating reaction quenching.

Table 1. Thermal conductivity values of the covering layers used in the preparation of Si-wafers before the integrated
reactive multilayer systems (iRMS) deposition.

Wafer and Covering Layers Wafer and Covering Layer Thermal Conductivity Equivalent Thermal
Thicknesses (W/m.K) Conductivity (W/m.K)

Silicon (wafer) 500 um (bare wafer) 148 [27]

SiO, 1 pm 1.4 [27]

SiNx/RuOy /Cr 50 nm/60 nm/10 nm 25/50/91.3 [28-30] 36.2

SiNy/PdOy/Cr 50 nm/60 nm/10 nm 25/37.5%/91.3 32.3

Photoresist 3 um 0.19 [31]

* As the PdOx thermal conductivity value has not been measured and was also not available in the literature, and since the palladium
oxidation at low temperature is basically not complete, we estimated its thermal conductivity to be half of the pure metallic palladium
75 W/m.K [30].

Further, as supplementary information, Pd/Al iRMS grown on bare Si-wafers, which
theoretically requires a thickness greater than 5 pm to be ignitable at RT, as well as on
Si0,-coated Si-wafers, which practically undergoes a systematic spontaneous self-ignition
during the deposition process, was prepared and investigated for comparison.

3.1. Pd/Al iRMS Grown on a Bare Si-Wafer and a RuOy-Buffered Si-Wafer (iRMS Total Thickness
~1um)
3.1.1. Characterization of the as-Deposited Pd/Al-iRMS

Figure 2 shows the microstructural analyses by TEM and the corresponding EDS
elemental mappings of a Pd/Al-iRMS consisting of 20 bilayers with a period of 50 nm and
a stoichiometric ratio of Pd:Al = 1:1. The iRMS was patterned and deposited simultane-
ously on two different substrate surfaces: a bare Si-wafer (Figure 2a) and a RuOy-buffered
Si-wafer (Figure 2b). For the TEM cross-sectional analysis of the Pd/Al-iRMS deposited
directly on the bare Si-wafer, a successful multilayer stack having a layered microstructure
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with a sharp separation of single layers was observed. The EDS analysis, in turn, confirmed
the presence of alternating metallic layers of Pd and Al (Figure 2a). However, for the
Pd/Al-iRMS deposited on the RuOy-buffered Si-wafer, the TEM cross section demonstrates
that a spontaneous self-ignition occurred and was instantly accompanied by an explosive
detachment of the reacted product. Thus, Figure 2b shows the layers deposited imme-
diately afterwards when the previous deposited layers had been reacted and detached
by self-ignition. The EDS analysis, in turn, confirmed the stability of the used buffering
Ti/SiNx/RuOx/Cr stack layers and the remaining alternately deposited metallic layers of
Pd and Al (Figure 2b).
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Figure 2. Transmission electron microscope (TEM) cross sections (left) and corresponding energy dispersive X-ray spectrom-
eter (EDS) elemental mappings (right) of as-deposited Pd/Al RMS on the Ti/Si-wafer (a), and on the Ti/SiNy/RuOy/Cr/Si-

wafer (b).

3.1.2. Characterization of the Reacted Pd/Al-iRMS

Figure 3 shows the reaction propagation across a patterned Pd/Al-iRMS of square
frames grown on a Si-wafer. Since the total multilayer stack thickness (~1 pm) was lower
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than the minimal value (~5 um) calculated for a self-maintained propagating reaction,
preheating of the substrate at 100 °C for 5 min was indeed needed for the Pd/Al-iRMS
ignition. The three snapshots presented in Figure 3, respectively, illustrate the ignition
step initiated by a DC pulse of 10 V/max. 1 A (Figure 3a), the reaction propagation step
manifested in an explosive yellow bright glow (Figure 3b), and the final morphology of the
reaction product after the propagating reaction occurred (Figure 3c). The same explosive
reaction propagation behavior was observed for the Pd/Al-iRMS grown on the RuOy-
buffered Si-wafer; however, higher preheating at 150 °C for 5 min was needed to initiate
the reaction propagation, since the successfully deposited iRMS thickness was smaller.

Figure 3. Reaction propagation across a patterned Pd/Al-iRMS of squared frames grown on a Si-
wafer. (a) Initiation step; (b) Maintained propagating reaction step; (c) Reaction product morphology
after the reaction step.

Close snapshots taken with a high-speed camera, used to determine the front speed
of the propagating reaction, showed that the reaction behavior of Pd/Al-iRMS on the
Si-wafer manifested an explosive combustion process with small quantities of ejected
product particles (Figure 4a). Meanwhile, for the Pd/Al-iRMS on the RuOy-buffered Si-
wafer, a fiercer explosive combustion process with larger quantities of ejected product
particles, leading to an almost full detachment of the patterned structure, was observed
(Figure 4b). The propagation speeds of the reaction front, determined by the reactions in
the Pd/Al-iRMS grown on the bare Si-wafer and the RuOx-buffered wafer, were 38 and
50 m/s, respectively.
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Figure 4. High-speed snapshots of the explosive reaction propagation in Pd/Al-iRMS, from left
to right. (a) Pd/Al-iRMS grown on a bare Si-wafer; (b) Pd/Al-iRMS grown on a RuOy-buffered
Si-wafer.

The explosive reaction process with a high ejection or evaporation of the reaction
product could be related to the attainment of a high local temperature. In fact, the small
bilayer period of 50 nm that generates fast reaction propagation leads to a very high
temperature level, as the produced heat does not have enough time to dissipate through
the substrate. It should also be mentioned that a Pd/Al-iRMS with a smaller bilayer period
has a higher self-initiation risk than systems with a larger bilayer period. Therefore, to
overcome the bilayer size issues, only the iRMS with a bilayer period higher than 50 nm
was investigated in the following study. This approach, according to the literature, should
be seen as beneficial since reactive multilayer systems with bilayer periods between 100 nm
and 200 nm are almost free of residual stress. RuOy buffering is also suspected to provide
an additional heat supply. In fact, RuOy, at a high ambient temperature, could undergo
more exothermic oxidation transformations such as RuOj3, RuQO; etc. [32-34], which highly
increase the temperature in the ignited iRMS and, thus, lead to the evaporation and ejection
of the reaction product. Hence, in the subsequent experiments, Si-wafer buffering is
prepared by replacing the RuOx with a thin PdOx buffer layer. This one possesses a high
chemical stability in high temperatures [34,35].

3.2. Pd/Al-iRMS Grown on SiO,-Coated and PdOy-Buffered Si-Wafers (iRMS Total Thickness ~2
to 2.4 um)

3.2.1. Microstructural Characterization of the as-Deposited Pd/Al-iIRMS

Figure 5a,b show microstructural analyses by TEM and corresponding EDS elemental
mappings of Pd/Al-iRMS structures grown on SiO,-coated and PdOy-buffered Si-wafers
with a multilayer structure design composed of N = 24 bilayers with = 100 nm and
N =12 bilayers with & = 200 nm, respectively. For each bilayer period, the iRMS frames
were patterned and deposited simultaneously on both SiO,-coated Si-wafer and PdOy-
buffered Si-wafer. In Figure 5a,b for the Pd/Al-iRMS with 6 = 100 nm, it can be seen that
spontaneous self-ignition occurred simultaneously on both the prepared Si-wafer-types,
after about a 1.1 um thickness of multilayer stack deposition corresponding to around 11
deposited bilayers. The intact reactive multilayers, grown next on the intermixed part, show
for both prepared Si-wafer-types a neat, layered microstructure with a sharp separation
between single layers with no significant premature intermixing. The thicknesses of the
deposited reactant layers approached the expected nominal values corresponding to a
1:1 atomic ratio. EDS analyses also, by a chemical composition probing of the grown
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microstructure, confirmed the presence of an AlxPdy reaction product, which resulted from
spontaneous self-ignition, and an additional stack on it of alternating reactant layers with
Al and Pd compositions (Figure 5a,b).
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Figure 5. TEM cross sections (left) and corresponding EDS elemental mappings (right) of Pd/Al-iRMS with a bilayer
thickness of 5 = 100 nm and a bilayer number of N = 24. (a) Pd/Al-iRMS grown on a SiOp-coated Si-wafer; (b) Pd/Al-iIRMS
grown on a PdOy-buffered Si-wafer.

In Figure 6 for the Pd/Al-iRMS with 6 = 200 nm and a total bilayer number of N =12,
different results were obtained. It can be seen that the spontaneous self-ignition and
the resulting intermixing product occurred only for the Pd/Al-iRMS grown on the SiO,-
coated Si-wafer (Figure 6a), whereas the Pd/ Al-iRMS grown on the PdOx-buffered Si-wafer
showed continuous stacking of individual (Al, Pd) reactant layers, confirming the absence
of any self-ignition surging (Figure 6b). The stacking faults observed in the Pd /Al reactant
layers are likely linked to the rough morphology of the surface of the PdOy buffer layer. The
reacted product on the S5iO,-coated Si-wafer formed when the Pd /Al reactants layer stack
reached a thickness of about 1.5 um, after which around five Pd /Al bilayers were further
deposited. The delay of the spontaneous self-ignition in this iRMS with a 200 nm Pd /Al
bilayer grown on a SiOp-coated Si-wafer, compared to a 100 nm Pd/Al bilayer grown
on either SiO, or PdOy layers covering Si-wafers, could be due to fewer layer interfaces
(potential sites of premature intermixing), which resulted in less barrier hindrance to heat
conduction and, hence, less heat accumulation in the iRMS, thereby avoiding precocious
start of spontaneous ignition. Again, EDS analyses of the Pd/Al-iIRMS with a 200 nm
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bilayer period confirmed, for the iRMS on a SiO,-coated Si-wafer, the presence of the
intermetallic AlyPdy reaction product composition with an additional deposited Pd/Al
layered structure over it (Figure 6a). On the other hand, for the iRMS grown on the PdOx-
buffered Si-wafer, the analysis probed a full layered structure of a continuous alternating
reactant stack of Pd and Al compositions (Figure 6b).
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Figure 6. TEM cross sections (left) and corresponding EDS elemental mappings (right) of Pd/Al-iRMS with a bilayer
thickness of § = 200 nm and a bilayer number of N = 12. (a) Pd/Al-iRMS grown on a 5iO;-coated Si-wafer; (b) Pd/Al-iRMS
grown on a PdOx-buffered Si-wafer.

3.2.2. Microstructural Characterization of the Reacted Pd/Al-iRMS

The following presents the microstructural analyses of the reaction product produced
by electrically igniting the Pd/Al iRMS. The self-propagating exothermic reaction was
observed only after preheating each of the four investigated samples. For samples that
underwent spontaneous self-ignition during deposition (i.e., the Pd/Al-iRMS grown on
S5iO,-coated Si-wafers with 6 = 100 nm and 200 nm; and the Pd/Al-iRMS grown on a
PdOy-buffered Si-wafer with 6 = 100 nm), ignition triggering happened at a preheating
temperature of ~150 °C for 10 min. Meanwhile, for the sample with entire layer stack
deposition (Pd/Al-iRMS grown on a PdOx-buffering Si-wafer with 6 = 200 nm), ignition
triggering happened at a preheating temperature of ~100 °C for 10 min. For the convenience
of presentation, Figure 7 depicts the microstructure of the reaction product of the samples
of Pd/Al-iRMS with § = 100 nm grown on a SiO,-coated Si-wafer and Pd/Al-iRMS with
5 = 200 nm grown on a PdOy-buffered Si-wafer, after the self-propagating exothermic
reaction passed through the reactive Pd/ Al multilayer system. The individual Al and Pd
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DC ignited region
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layers are completely intermixed and, thus, no layered structure can be seen (TEM images,
Figure 7a,b). EDS analyses also clearly confirm that all the Al and Pd reactant elements are
completely intermixed, and no individual layer can be detected (EDS mapping, Figure 7a,b).
Hence, since the ignition of the Pd/Al multilayer stack system had a stoichiometric ratio of
Pd:Al = 1:1, it can systematically be demonstrated that the formed reaction product phase
consisted of a homogeneous AlPd intermetallic compound.

1um

Figure 7. TEM cross sections (left) and corresponding EDS elemental mappings (right) of the Pd/Al-iRMS reaction product
microstructure after the exothermic propagation reaction. (a) Pd/Al-iRMS with a bilayer thickness of = 100 nm grown on
a 5i0,-coated Si-wafer; (b) Pd/Al-iRMS with a bilayer thickness of 5 = 200 nm grown on a PdOy-buffered Si-wafer.

Note that the difference in temperatures of the preheating process, which is required
to ignite and maintain the self-propagating reaction process, indicates that in the iRMS sam-
ples that underwent spontaneous self-ignition during multilayer deposition, the preformed
AlIPd intermetallic reaction product located under the additional upper Pd/Al-iRMS stack
could sink more heat into the Si-wafer substrate. Thus, for the upper iRMS to be ignited, it
required more energy and a higher temperature.

Furthermore, the analysis of the interface structure between the iRMS and Si-wafer
substrate showed that no remarkable change occurred before and after the ignition of
the samples. For the Pd/Al-iRMS grown on the SiO;-coated Si-wafer substrate, the
interface structure configuration was found to be similar before and after the reaction
propagation. For the Pd/Al-iIRMS grown on the PdOx-buffered Si-wafer substrate, the
iRMS/(Ti/SiNx/PdOx/Cr)/Si-wafer interface of the as-deposited, and then ignited, iRMS
is presented by the cross-sectional TEM images in Figure 8a,b. It is shown that, as a part of
the PdOy buffer layer diffused down through the adhesive Cr layer, the result was that the
adhesive Cr layer was totally pushed a few nanometers up and, thus, the PdOx established
direct contact with the Si-wafer substrate. Note that the interface structure configuration
was found to be practically similar for both situations, before and after the reaction ignition.
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Figure 8. TEM images showing the interface structure configuration of the iRMS grown on a PdOy-
buffered Si-wafer. (a) As-deposited RMS; (b) After reaction ignition.

Such an interface structure configuration was also confirmed by STEM and EDS
analyses, as shown in Figure 9. In fact, Pd diffusion happened, in the preparation of
the buffered Si-wafer, during the 60 nm thick Pd film thermal oxidation. This behavior
was elucidated by an AES analysis of the as-deposited, room temperature Pd film on a
Cr-coated Si-wafer substrate and its thermal oxidation at 350 °C for 30 min (Figure 10). For
the as-deposited Pd film at room temperature, a neat separation between Pd and Cr layers
and the Si-wafer was probed (Figure 10a). However, for the thermally oxidized Pd film,
the deep diffusion of the Pd element through the Cr layer and inward into the Si-wafer
with oxidation limited at the Cr layer was probed (Figure 10b). It is also worth mentioning
that the operation of the instantaneous oxidation of the Si-substrate surface during the
iRMS ignition remains effective. However, given that the amount of oxygen stored in the
PdOx bulffer layer was not very high, the diffusion and distribution of the oxygen into the
Si-substrate surface could not be detected clearly by the probing EDS system used in this
study.

3.2.3. Thermal Characterization of Pd/Al-iRMS

Figure 11 shows DSC curves of freestanding nano-foils of Pd/Al-RMS with bilayer
thicknesses of 100 and 200 nm. These RMS nano-foils were released from the SiO, /Si-wafer
coated with a Cu layer of 250 nm by immersion in an acidic solution bath. Irrespective of
the bilayer period, two larger exothermic peaks were produced with their start and end
temperatures having nearly the same values. The first peak began at around 240 °C and
the second peak started at around 425 °C. Furthermore, it can be seen that the first peak
height increased with increasing bilayer period thickness, a behavior commonly related to
the stored energy loss by the higher intermixed interface volume in the reactive system
having a lower bilayer period. The heat released was calculated using the principle of
integrating the heat flow with respect to time. The total heat of the reaction was determined
to be 797.3 J /g for the system with a 100 nm bilayer and 778.6 ] /g for the system with
a 200 nm bilayer. These detected reaction enthalpy values are significantly lower than
the expected theoretical value of 1260 J/g [8,36]. Therefore, the relatively large difference
between the experimentally measured reaction heat and the theoretically predicted value
could be mainly attributed to the formation of the reaction product by the spontaneous
self-reaction that happened in the prior deposited layers by self-ignition into the e-beam
evaporator chamber during the deposition process.
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Figure 9. Scanning transmission electron microscope (STEM) images (upper left) and corresponding EDS elemental
mappings of the interface structure configuration of the iRMS grown on a PdOy-buffered Si-wafer. (a) As-deposited RMS;
(b) After reaction ignition.
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Figure 10. AES profiles showing the effect of temperature on Pd and Cr distribution during the thermal oxidation process.
(a) As-deposited Pd film on a Cr-coated Si-wafer; (b) Pd film oxidation at 350 °C for 30 min.
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Figure 11. DSC curves of Pd/Al-iRMS with different bilayer thickness.

The spontaneous self-ignition occurred in the prepared Pd/Al-RMS freestanding
nano-foils despite the intercalation of a highly thermal-conductive layer of Cu material
(which can sink the accumulated heat in the reactant layers and, thus, avoid the reaction
ignition), was confirmed by the observed formation of the reaction product AlxPdy in
the microstructural characterization depicted in Figure 12. This figure presents the TEM
microstructure and the corresponding EDS analysis obtained from a Pd/Al-iRMS with a
bilayer period of 100 nm and an expected total thickness of 30 bilayers grown on a 51O, /Si-
wafer coated with a thin Cu layer of 250 nm. The cross-sectional images clearly depict
the presence of three surface sections, respectively, corresponding to the lower copper
layer, the reaction product formed by spontaneous self-ignition, and the deposited intact
Pd/AliRMS layers at the top. The thickness of the AlxPdy reaction product stated that the
self-ignition was initiated after around 1 um thickness of the earlier deposited Pd/Al stack
layers. This scenario was also similar to the spontaneous self-ignition that had taken place,
at around 1 pm of layer stack deposition, in the Pd/Al-iRMS with a bilayer period of 100
and 200 nm grown directly on a SiO,-coated Si-wafer.

From the deposition experiments described above, the investigated Pd/ Al-iIRMS with
a bilayer period of 100 nm showed spontaneous self-ignition accompanied systematically
by a sustained exothermic propagation reaction for all stacked Pd /Al reactive multilayers
with thicknesses exceeding 1 um, deposited either directly on a SiO, /Si-wafer (iRMS on a
high-thermal insulating substrate), metal /SiO, /Si-wafer or metal oxide/Si-wafer (iRMS
on a moderate thermal insulating substrate). Such behavior can apparently be related to
the Pd/Al system’s high exothermic enthalpy of formation (AHa1.pq ~ 90 k] /mol-atom),
a value that is substantially higher than the 30 kJ /mol-atom required for generating self-
sustained propagating reactions in thin reactive multilayer films [10]. Accordingly, small
nanometric inter-diffusions at the Pd/Al reactants interfaces, even for a system with a
small number of bilayers, could release enough energy output for spontaneous self-ignition
triggering and to simultaneously sustain continuous exothermic propagation reactions
on the silicon substrate. Therefore, the main issue to be addressed regarding the Pd/Al-
iRMS is the low excitation energies causing instabilities, which lead to an enhanced risk of
spontaneous reaction ignition as well as pre-intermixing activation at the reactant interfaces
during the deposition processes.
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Figure 12. TEM cross section microstructure (left) and corresponding EDS elemental mappings (right) of Pd/ Al-iRMS with
a bilayer thickness of 6 = 100 nm grown on a 250 nm Cu film-coated SiO, /Si-wafer.

Since, in this work, the photoresist was adopted as the material for the lift-off pattern-
ing of the integrated RMS structures, further information worth noting is related to the
interaction of the RMS and the photoresist. Because of the very low thermal conductiv-
ity of the photoresist, the few bilayer number depositions of the reactive Pd/Al system
directly on the photoresist would undergo spontaneous self-ignition and a continuous
propagation reaction spreading over the whole four-inch Si-wafer surface. In fact, the
high reactive Pd/ Al system, the mixing enthalpy and the low thermal conduction through
the photoresist, caused the spontaneous reaction to occur in a strongly explosive manner,
simultaneously accompanied by the detachment/ejection of the reacted product, while
leaving the photoresist film still tightly adhered to the wafer with an appearance of some
dendrite-like branch structures outlined on its surface (Figure 13a). This explosive exother-
mic reaction with the detachment/ejection of the reacted system could take place serval
times once the deposited multilayer reactants reach a critical thickness (Figure 13a’). The
explosive reaction could also occur during the last step of depositing the last upper reactant
layer, which lets only the iRMS motifs lodged into the litho-patterned photoresist trenches
appear on the wafer surface. These embedded iRMS did not undergo ignition due to their
direct contact with the substrate having slightly higher thermal conductivity compared to
the one of the photoresist (Figure 13a). Images in Figure 13b,b” present the patterned wafer
surface morphology after the photoresist lift-off.

To overcome these encountered problems, which mostly are related to the high en-
thalpy of mixing/formation leading to an explosive reaction and the high inter-diffusion
rate leading to spontaneous self-ignition, the modulation of the stored chemical energy
and the rate of heat release would induce a substantial change in the characteristics of
the reaction’s behavior. Accordingly, a reactivity tuning approach based on alternately
stacking two different reactive multilayer systems, respectively, with different enthalpies
of the mixing and formation of intermetallic compounds as well as different inter-diffusion
rates will be investigated in the next section.
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Figure 13. Dendritic traces on a photoresist film surface after spontaneous self-ignition. (a,a”) Wafer
surfaces before photoresist lift-off; (b,b”) Wafer surfaces after photoresist lift-off.

3.3. Pd/AI-Ni/Al Multi-Section (MS)-iRMS Grown on a SiO,-Coated Si-Wafer (MS-iRMS
Expected Total Thickness ~3 ym)

As the experiments outlined above demonstrate, for an RMS deposited on a substrate
that has a low thermal conductivity, the high exothermic enthalpy of reactants mixing,
and the resulting high temperature systematically lead either to spontaneous self-ignition
during reactant deposition or to an explosive reaction with the detachment/ejection of the
reacted product. Therefore, the modulation of the released heat and its subsequent tem-
perature by stacking two reactive material systems with high and medium energy release
(designed as hRMS and mRMS), respectively, is considered to be a potential solution. In
this context, we investigated a sandwiched hRMS-mRMS reactive structure (see Figure 14),
wherein the alternating hRMS sections correspond to the already used Pd/Al-RMS that had
a higher enthalpy of mixing, and the alternating mRMS sections corresponded to the Ni/Al-
RMS that had a medium enthalpy of mixing. The reactive Ni/Al system was selected for
the relatively small difference between the CTE value of nickel (12 mm/mm.°C) and that
of palladium (11.7 mm/mm.°C) in the reactive Pd/Al system. Indeed, as the temperature
is increased, a CTE mismatch will induce compressive stress in a multilayer system that
has a higher CTE value, and this tends to inhibit atomic diffusion into compressed system
layers [37]. Hence, such effect would increase the activation energy of ignition, delay the
intermixing process, and also reduce the propagation of the reaction rate [38]. For the di-
mensions of the sections in the reactive system structure, the thickness of the Pd/Al-hRMS
section (Sprms) was selected to be 0.5 pm to avoid spontaneous self-ignition, which was
previously demonstrated to take place in Pd/Al-RMS on a SiO,-coated Si-substrate once
the sputter deposition exceeded 1 pm. Moreover, since the CTE of Ni/Al-mRMS is slightly
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higher than that of Pd/AlI-hRMS, the thickness of the Ni/Al-mRMS section (Smrms) was
selected to be smaller or equal to 0.2 um, and, thus, its resulting volume would allow low
tensile stress in the high exothermic Pd/Al system sections of the major volume fraction in
the structure and would, consequently, avoid any noticeable change in the behavior of its
properties.

Alternated Pd/Al-Ni/Al RMS sections
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Figure 14. A cross-sectional schematic of the Pd/Al-Ni/ Al MS-RMS design showing alternating
sections of reactive materials with the corresponding section thicknesses. Design parameters: Pd(47
nm)/Al(53 nm) 5 bilayers, Ni(40 nm)/Al(60 nm) 2 bilayers, Pd/Al-section thickness Sprpis = 500 nm
(4 sections) and Ni/ Al-section thickness Sy,rms = 200 nm (3 sections).

Furthermore, as Pd and Ni reactant components have a very negligible enthalpy of
formation and mixing and could form a nearly ideal solution [39,40], therefore, to minimize
further heat accumulation, which reduces the risk of spontaneous reactions and more
premature interdiffusion during the deposition of hRMS-mRMS reactive sections, each
Pd/Al-hRMS section deposition started and ended with the Pd layer and each Ni/Al-
mRMS section deposition started and ended with the Ni layer. This structural arrangement
ensures that Pd and Ni layers are always in contact at the interfaces between both hRMS
and mRMS sections.

3.3.1. Microstructural Characterization of the as-Deposited Pd/Al-Ni/ Al MS-iRMS

Figure 15 presents TEM and EDS microstructural analyses of a Pd/Al-Ni/Al reactive
multi-section system grown on SiO;-coated Si-wafer. The TEM cross section shows a total
grown Pd/Al-Ni/Al system composed of four Pd/ Al hRMS sections alternating with three
Ni/Al mRMS sections. Both under-systems, hRMS and mRMS, have the same bilayer
period 6 of 100 nm and the same molar ratio of 1:1. The TEM and EDS images show a
neat typical multilayered structure where the alternating single layers are clearly identified
in each section composing the whole reactive multi-section system. The clear interfaces
between the reactant layers in each section reveal that neither pre-intermixing reaction nor
spontaneous self-ignition and reaction propagation occurred during the sputtering process.
The thicknesses of the single deposited layers of each section approach the expected
nominal values corresponding to a 1:1 atomic ratio: 47 and 53 nm for the bilayer Pd/Al
and 40 and 60 nm for the bilayer Ni/Al
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Figure 15. TEM cross section image (upper left) and the corresponding EDS elemental analysis (upper right and lower left
and right) for the microstructural characterization of the as-deposited Pd/Al-Ni/ Al MS-iRMS on the SiO,-coated Si-wafer.

Regarding the electrical ignition of this reactive multi-section structure, it was found
that it could easily be initiated at room temperature by applying an electric DC pulse of
10 V/max. 1 A. After initiation, the reaction front spread evenly through the structured
Pd/Al-Ni/ Al MS-iRMS in a self-sustained manner without any further energy supply
(no preheating). The images in Figure 16 show the expansion progress of a bright glow
representing the steady self-propagation of the reaction front along Pd/Al-Ni/ Al MS-iRMS
patterned in the linked square frame structure. The patterned Pd/Al-Ni/ Al MS-iRMS frame
width presented here was 500 um, and it was also demonstrated that the minimum bond
frame width showing a self-propagating exothermic reaction could be reduced to 25 pm.
For the self-propagating reaction front to pass through complex frame geometries, the iRMS
patterning frames must be connected to each other to assure the reaction propagation on the
whole patterned wafer. Figure 17 shows an example of interconnected patterning design
allowing the propagation reaction to run through the entire iRMS on the wafer. In this
example, the ignition could be initiated at the edge of the wafer with the resulting reaction
guided to the wafer’s center from which it propagates to all wafer regions. Furthermore,
it should be noted that the ignited reaction in Pd/Al-Ni/ Al MS-iRMS propagated in an
explosive manner, causing the ejection of small debris particles from the reacted product.
However, the main reacted multi-section structure showed good adhesion to the substrate.

3.3.2. Thermal Characterization of the as-Deposited Pd/Al-Ni/ Al MS-iRMS

Figure 18 shows the DSC curve of the Pd/Al-Ni/ Al MS-RMS freestanding nano-foil
grown on the 510, /Si-wafer coated with a Cu layer of 250 nm and released by immersion
in an acidic solution bath. Three peaks that spread out towards high temperatures are
observed. Such behavior is similar to the case of the usual DSC trace measured on a
single Pd/Al RMS, in which the activation energy of the diffusion of Pd in Al is on the
order of 190.6 kJ/mol [41], but in contrast with the case for a Ni/Al reactive system.
For this, the exothermic peaks typically appear at lower temperatures in a range from
240 °C to 400 °C [1,12,16,18,42], since the activation energy of the diffusion of Ni in Al
is slightly lower on the order of 145.8 kJ/mol [41]. Thence, the measured exothermic
reaction of the Pd/Al-Ni/ Al MS-RMS would be a superposition of the exothermic peaks
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of Pd/Al sections with those of the Ni/Al sections. The shift of the Ni/Al exothermic
peaks to higher temperatures to superpose with those of the Pd /Al system could be related
to the expansion difference of the two alternating Pd/Al and Ni/Al reactive systems
(Ni(cTg) > Pd(cTE))- Thus, internal compressive stress is induced into the Ni/ Al sections.
Such a stress state reduces the Ni diffusion rate in the Al and consequently increases the Ni
diffusion activation energy [37,38], which constrains the Ni mobility such that it takes place
at a higher temperature for the reaction. The extracted total exothermic heat released from
the reactive Pd/Al-Ni/ Al system was determined from the DSC measurement to be equal
to 1191.7 ] /g, an amount that is slightly higher than the theoretically predicted enthalpy of
formation for the AINi reaction product (AHn; = 1120 J/g) [36] and slightly lower than
that for the AIPd reaction product (AHapgq = 1260 ] /g) [36]. Hence, the energy produced
in the Pd/Al-Ni/ Al system confirms that the stacking of combined hRMS/mRMS reactive
systems, with different reaction enthalpy, is an efficient tool for heat tuning (either heat
storing or heat releasing; both must be addressed in reactive bonding applications).

(a) (b)

Figure 16. Images showing reaction front propagation steps across a patterned Pd/Al-Ni/Al MS-
iRMS of squared frames grown on a SiO, /Si-wafer. (a) Initiation step; (b,c) Self-maintained propa-
gating reaction steps; (d) Reaction product morphology after the reaction step.

3.3.3. Microstructural Characterization of the Reacted Pd/Al-Ni/ Al MS-iRMS

Figure 19 shows an optical microscopic image of the top-view surface morphology
of the reacted Pd/Al-Ni/Al MS-iRMS. The reaction was ignited with an electrical DC
pulse (10 V/max. 1 A) at room temperature, which resulted in a self-maintained propa-
gating reaction that spread over the whole patterned RMS area within a few milliseconds.
The reaction product surface morphology exhibited a spherulitic-like dendrite crystallite
structure [43]. The dendrite orientations were seen to have emerged from an origin and
extended toward the reaction front propagation direction to form maple leaf-like patterns.
The manifestation of the reaction product in dendritic form is a common solid crystal-
lization grown from the melt under a fast-cooling rate [44,45]. The steeper temperature
gradients, systemically established behind the RMS reaction front propagation, would
spontaneously introduce significant thermal stress gradients associated with the solidifi-
cation process [46]. Further, thermal stress states could also increase more if the thermal
expansion coefficients of the dual section materials are significantly different [38]. These
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factors all generated stresses that enhanced the reacted product’s susceptibility to cracking
or disintegration through the associated strains. Note that the self-sustained propagating
reaction in our electrical ignited sample occurred in an explosive manner, ejecting reacted
product in debris particles detached from the coarsened dendrite trunks and, hence, inter-
dendritic regions were formed, as seen in the magnified view in Figure 19 (right). From
this exhibited behavior, it is evident that, in the multi-section stack of the iRMS, adopting
a section type composed of reactive reactants that have a high reaction product ductility
property at room temperature would attenuate the propagating reaction effect, causing
disintegrated product.
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Figure 17. Example of an interconnected patterning design allowing the propagating reaction to run
through the entire iRMS on the wafer.

Sample preparation by FIB for a cross-sectional analysis of the Pd/Al-Ni/ Al MS-iIRMS
reaction product was not possible. The intense induced thermal residual stresses in the
grown dendrite trunks made them very friable and fragile and, thus, the prepared lamella
structure easily collapsed by the ion beam milling. Notwithstanding this obstacle, some
cross-sectional analyses were carried out in order to gain more insights into the effects
controlling the reaction propagation and the reaction product formation. The inset optical
microscopic image in Figure 20 indicates different area zones where FIB-prepared cross
section specimens were cut from a sample of the Pd/Al-Ni/ Al MS-iRMS reacted product.
Figure 20a depicts a TEM image of an FIB cross section of a bare area located between the
inter-dendritic regions (zone A). The image confirmed that the ejected reaction product
was accompanied by the local fragment detachment of the SiO, thermal isolating layer.
Figure 20b (left) depicts a TEM image of a FIB cross section undertaken in a region where a
partial reacted product was detached/ejected during the reaction propagation (zone B).
The remaining product was found to belong to the first deposited Pd/Al section on the
Ti/SiO, /Si-substrate. This has been confirmed by an EDS analysis, which revealed only
the formation of AlxPdy intermetallic compound (traces of Pd and Al elements) and the
absence of nickel, which should structurally be in the subsequent Ni/ Al section if it were
present (Figure 20b, right). Figure 20c (left) depicts a TEM image of a FIB cross section of a
region from where a partially reacted product was detached/ejected (zone C); the image
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shows that it concerns a remaining underneath part that corresponds to unreacted Pd /Al
multilayer stack residue of the first section in direct contact with the Ti/SiO, /Si-substrate.
The elemental chemical composition of the intact Pd/Al layers in this unreacted residue
was confirmed by the EDS analysis in Figure 20c (right).
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Figure 18. DSC characterization of the as-deposited Pd/Al-Ni/Al MS-iRMS.

magnification:X30

Figure 19. Optical microscopic image showing the microstructural morphology of the reacted Pd/Al-Ni/Al MS-iRMS. The
right image is a magnified view depicting inter-dendritic regions formed during reaction propagation.
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Figure 20. TEM cross section images and EDS analyses performed on different FIB cross sections selected from different

regions of the upper surface of the reacted Pd/Al-Ni/ Al MS-iRMS (see the inset optical microscopic image). (a) FIB cross

section from a bare inter-dendritic area (zone A); (b) FIB cross section from a region where a partial reacted product was

detached (zone B); (c) FIB cross section from a region where a partial unreacted multilayer stack residue was still attached to

the substrate (zone C).

One more interesting point to raise is that it was found that the dendritic structure of
the reaction product took place only when the iRMS was ignited in an open-air atmosphere
or vacuum chamber. However, when the iRMS was ignited under a high punch pressure,
the reaction product was a dense nodular-like structure. Figure 21 shows an optical
microscopic image of the reaction product microstructure resulting from a multi-section
Pd/Al-Ni/ Al iRMS for which the substrate plate was set, at the ignition process step, in a
press machine that was as follows: One part of the substrate plate was in a free cantilever
position, and the second remaining part was covered by a SiO, /Si-plate. Together, these
were interposed between the press flat punches where they were uniaxially compressed
under a pressure of 3 MPa. After the ignition, the propagation of the reaction extended,
both, over the entire un-pressed MS-RMS free part and through the entire pressed MS-RMS
part sandwiched between the substrate plates. The results demonstrate that pressure,
which is commonly used in reactive bonding, can prevent the detachment/ejection of the
reaction product in bonding processes.

Since a full intact cross-sectional lamella of the reaction product of the multi-section
Pd/Al-Ni/Al nano-reactive multilayer system could not be obtained to perform structural
and compositional analyses on, a complementary analysis by XRD was carried out on both
the as-deposited and reacted Pd/Al-Ni/ Al MS-iRMS. Thus, the crystalline structure of the
multilayer materials and the phase composition of reacted multi-section materials were
examined. The XRD patterns of as-deposited and reacted Pd/Al-Ni/ Al MS-iRMS on the
Si0O, /Si-substrate are shown in Figure 22.
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Figure 21. Optical microscope image showing the effect of the ignition under pressure on the reaction product microstructure
configuration for Pd/Al-Ni/ Al MS-iRMS.

For the as-deposited Pd/Al-Ni/Al MS-iRMS (Figure 22a), the diffraction peaks in-
dexed to Al(111), Al(200), Al(311), Al(222), Pd(111), Pd(200), Pd(220), Pd(311), Pd(222),
Ni(111), Ni (200), and Ni(220) indicate that the Al, Pd, and Ni elements forming the Pd /Al
and Ni/Al multilayers in iRMS sections are all present in the crystalline phase (the used
ICDD cards for peaks indexing are: #04-0787 for Al, #00-046-1043 for Pd, and #00-004-0850
for Ni). For the Pd/Al-Ni/Al MS-iRMS reaction product (Figure 22b), the new groups
of major diffraction peaks indexed to AlPd-r(410), AIPd-r(461), AlPd-r(523), AIPd-r(182)
and AINi-c(110), AINi-c(200), and AINi-c(211) (r and c, respectively, denote rhombohedral
and cubic) indicate that AIPd and AINi are the major resultant intermetallic compounds
of the final products of the exothermic reaction originating, respectively, from the Pd/Al
and Ni/Al multilayer films. The indexed peaks were found to match the rhombohedral
crystalline structure for the AIPd reaction product and cubic crystalline structure for the
AINi reaction product (corresponding ICDD cards are #00-031-0027 for r-AlPd and #01-
073-2594 for c-AlNi). It should also be mentioned that some additional diffraction peaks
were observed in both XRD patterns, before and after the exothermic reaction. These peaks
essentially originated from the SO, /Si-substrate and the Ti adhesive layer. The XRD data
of the reaction product also revealed unreacted Pd/Al multilayer stack residues that were
still attached to the substrate after the reaction propagation. They were manifested by a
diffraction continuity of Pd (111) and Al (111) peaks, but with a lower intensity magnitude,
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indicating the existence of only a small, dispersed amount of such unreacted residue result-
ing from the incomplete reaction of the first deposited Pd/ Al section. Furthermore, the
unknown observed peaks in the XRD data of the as-deposited multi-section iRMS could
be related to a solid solution reaction occurring from the pre-intermixing at the multilayer
interfaces during the deposition process. Consequently, when a multi-section iRMS, with
alternating sections of Pd/Al and Ni/Al multilayers undergoes an exothermic reaction
process, the intermetallic AIPd and AINi compounds are found to be the dominantly
formed products.
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Figure 22. XRD patterns of Pd/Al-Ni/Al MS-iRMS on the SiO,/Si-substrate. (a) As-deposited
sample; (b) Reaction product after electrical ignition.

To briefly summarize the main findings of this investigation, the combined hRRMS/mRMS
reactive systems demonstrated two important beneficial impacts on the integrated multi-
section reactive system: first, avoiding the spontaneous self-ignition reaction during the
deposition process; and second, assuring iRMS ignition with a sustained reaction propaga-
tion simply by electrical triggering at room temperature.
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4. Conclusions

We proved experimentally that, for the integration of a high energetic RMS on Si-wafer
substrates for reactive bonding, two main conflicting issues should be overcome: (i) the
heat accumulation and consequent spontaneous self-ignition reaction and (ii) the heat loss
through the sink substrate and consequent reaction propagation quenching.

In this work, we investigated the integration of a highly energetic Pd /Al nano-reactive
multilayer system on silicon wafers. To address the heat control difficulties in and around
the integrated reactive system, Pd/Al-iRMS was deposited on different wafers of different
thermal conductivities: a bare Si-wafer, RuOy or PdOy layers buffering Si-wafers, and
a SiOp-coated Si-wafer. The growth of Pd/Al-iRMS on a bare silicon wafer of higher
thermal conductivity could reach a total thickness over 1 pm without the upsurging of
a spontaneous self-ignition reaction during the deposition process. Nonetheless, for this
structure, due to the efficient heat sink by the intimate thermal contact of RMS with the
Si-wafer substrate, in order to be electrically ignitable at RT with a stable reaction front
propagation, the effective Pd/Al-iIRMS thickness must start from 5 um and over, which
is technically not desirable (due to high internal stress generation in the iRMS and lift-off
pattering limitations). However, for the other coated Si-wafers, those with an instant
thermal barrier made of metal oxide RuOx or PdOy buffers causing moderate thermal
conductivity and the other with a SiO; layer of lower thermal conductivity, the Pd/Al-iRMS
growth on all of them, specifically with a bilayer thickness of 100 nm or less, underwent
systematic spontaneous self-ignition surging during the deposition process upon reaching
a thickness of around 1 pm.

To overcome these encountered issues, we investigated a solution based on the tuning
of the reaction heat release by combining RMS of a different exothermic reaction enthalpy.
This type of heat modulation has direct control over the desired generation of the local
temperature and reaction propagation characteristics. The materialization of this solution
was accomplished by alternately stacking sections of metallic reactive multilayer Pd/Al and
Ni/ Al systems that, respectively, have a high and medium exothermic enthalpy of reaction.
The grown heterostructure was successfully deposited directly on a SiO,-coated Si-wafer
with a bilayer of 100 nm and a total thickness of 3 um without any spontaneous upsurge of
self-ignition. Moreover, the ignition of the alternating multi-section Pd/Al-Ni/ Al iRMS
structure was successfully initiated with a DC pulse of 10 V/max. 1 A at RT ambient
without requiring any external preheating supplement, and this was possible for the whole
patterned Pd/Al-Ni/ Al MS-iRMS units on the wafer. Furthermore, the reaction ignition
in this heterogeneous multilayer, multi-section structure showed a stable self-sustained
propagating reaction front along the whole patterned Pd/Al-Ni/ Al MS-iRMS path without
any local propagating reaction quenching.

The DSC analyses confirmed the predicted heat output modulation in the combined
Pd/Al-Ni/ Al MS-iRMS structure compared to the single structured Pd/Al iRMS. The
specific heat output by the combined reactive systems effectively resulted in a heat amount
(1191.7 J/g) that was relatively lower than the theoretical exothermic heat (1260 J/g)
related to a pure single reactive Pd/ Al system. DSC results also revealed that the phase
transformation mechanisms to promote the formation of intermetallic compounds took
place simultaneously, in both Pd/Al- and Ni/Al-stacked RMS, at the same temperatures
and along the same temperature range. This thermal uniformity is important during the
reaction of different stacked reactive systems; it avoids the reaction decoupling effect on
the heat wave and the reaction propagations in each section of the stacked systems.

The analysis by X-ray diffraction of the Pd/Al-Ni/Al MS-iRMS reacted structure
confirmed the formation of intermetallic compounds: mainly an AlPd reaction product
with a rhombohedral crystalline structure, formed through the Pd /Al stack system, and an
AINIi reaction product with a cubic crystalline structure, formed through the PNi/ Al stack
system. Both structures were mostly dominant in the formed reaction products.

This approach of alternating reactive sections with interfaces of different reactive
affinity and different output energy demonstrated an efficient potential for the integration
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of the reactive system. It allowed the limitation of heat accumulation during the film
growth and the tuning of heat source without changing the iRMS structural architecture.
However, further investigation regarding the design parameters of the Pd/Al-Ni/Al MS-
iRMS is still needed to optimize the reactive system integration to supply enough output
energy capable of metal solder melting as well as compensating the heat conduction into
the bonding partners. Also, given that the intermetallic compounds are highly brittle, to
preserve the integrity and mechanical reliability of the reaction product’s material after the
reaction propagation through the iRMS, research on improving the ductility of the reaction
product at room temperature is necessary. The ductility dampens the residual internal
stress in the reacted iRMS product and, thus, avoids the explosive reaction with particle
ejection during the formation of the reaction product. Finally, we can conclude that the
proposed solution based on stacking alternating reactive systems with different exothermic
heat of reactions provides an efficient potential method that could overcome the different
issues of integrated RMS for bonding applications in microelectronics and microsystems
technology.
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Abstract: Polymer materials attract more and more interests for a biocompatible package of novel
implantable medical devices. Medical implants need to be packaged in a biocompatible way to
minimize FBR (Foreign Body Reaction) of the implant. One of the most advanced implantable
devices is neural prosthesis device, which consists of polymeric neural electrode and silicon neural
signal processing integrated circuit (IC). The overall neural interface system should be packaged
in a biocompatible way to be implanted in a patient. The biocompatible packaging is being mainly
achieved in two approaches; (1) polymer encapsulation of conventional package based on die
attach, wire bond, solder bump, etc. (2) chip-level integrated interconnect, which integrates Si chip
with metal thin film deposition through sacrificial release technique. The polymer encapsulation
must cover different materials, creating a multitude of interface, which is of much importance in
long-term reliability of the implanted biocompatible package. Another failure mode is bio-fluid
penetration through the polymer encapsulation layer. To prevent bio-fluid leakage, a diffusion barrier
is frequently added to the polymer packaging layer. Such a diffusion barrier is also used in polymer-
based neural electrodes. This review paper presents the summary of biocompatible packaging
techniques, packaging materials focusing on encapsulation polymer materials and diffusion barrier,
and a FEM-based modeling and simulation to study the biocompatible package reliability.

Keywords: biocompatible packaging; implantable; reliability; Finite element method (FEM); simula-
tion

1. Introduction

Evolution in IC (Integrated Circuit) packaging technology has been driven by the need
for higher speed and higher density devices enabling smaller form factor and lower power
consumption. For example, HBM (High Bandwidth Memory) has been developed by
stacking memory die based on TSV (Through Silicon Vias) and stacking with micro-bump
bonding in order to achieve higher bandwidth and thus lower power consumption [1-4].
Packaging of an implantable device is critical as it determines hermeticity and compatibil-
ity of the implant system in biological environment. Thus, reliability and life-time of the
implant system highly depend on both packaging materials and technology. In general,
implantable device packaging houses the electronic or mechanical system through polymer
encapsulation [5-12], welding or bonding of metal [13,14], and ceramics [15]. Materials of
the polymer encapsulation package include epoxies, silicones, polyurethanes, polyimides,
silicon-polyimides, parylenes, polycyclic-olefins, silicon-carbons, benzocyclobutenes (BCB),
and liquid crystal polymers. Conventionally, titanium (Ti) box has been used for packaging
of an implantable electric device such as a pacemaker in order to ensure hermetic and
biocompatible packaging of the microelectronic device. While it is a well-proven hermetic
implant package, the Ti-box is rather large and rigid, which evokes a pronounced foreign
body reaction (FBR) upon implantation, resulting in a thick fibrous tissue encapsulation,
which might decrease the implant’s sensor sensitivity. Furthermore, mechanical mismatch
of the Ti-box and local tissue might cause chronic discomfort for the patient [16]. There-
fore, different packaging approaches have been reported to replace the existing Ti box
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package for implantable devices. Cardiac monitoring system has been implemented with
commercial 3-axis accelerometer mounted on PCB as shown in Figure 1a. To be suitable
for implant, parylene has been first coated on the surface of the accelerometer and PCB
and then it is fixed on Teflon support providing stitching of the sensor on the cardiac wall
with epoxy resin. Finally, a soft encapsulation in medical grade PDMS (NUSIL MED-6015)
was fabricated around the device [17,18]. Pressure sensor device mounted on a stent graft
has been flip-chip bonded to flexible, biocompatible polymer which has predefined metal
feedthrough. After filling silicone gel around the bonded pressure sensor, a polymer has
been laminated to seal the pressure sensor. A biocompatible silicone gel links the same
with the thinned substrate layer in order to transfer the pressure within the aneurysm
to the sensitive area of the sensor as shown in Figure 1b [19]. The flip-chip technology
has been used to ensure miniaturization and flexibility of the device, compared to the
commonly used wire bonding. Bare die assembly techniques such as flip-chip technology
are the preferred choice, as they provide thin, small, and lightweight features and can
be assembled on ceramic, laminate, Molded Interconnect Devices (MID) molded, and
flexible substrates. Flip-chip technology can substitute and complement conventional
surface-mounted devices (SMD) or wire bonding processes for an even higher degree of
miniaturization [20]. An implantable retina stimulator is implemented by MFI (MicroFlex
Interconnection) technology. The MFI technology is based on the common thermosonic
ball-wedge bonding process. A gold ball is bonded by force, temperature, and ultrasound
through the hole in the substrate on the IC pad as shown in Figure 1c. The metal pair is
then welded together, resulting in mechanically and electrically stable interconnects [21,22].
Emergence of new implantable devices such as retina prothesis requires an innovative
packaging as conventional wire-bonding techniques would not be applicable to imple-
ment massive electrical interconnect, for example, 1000 electrodes (see Figure 1d) [23].
In this case, technological barrier exists in substantial scale difference between Si chips
and polymeric stimulation device for mechanical interconnection. As a solution, standard
silicon wafer having through-holes of 2.51 x 2.63 mm? is used as a temporary packaging
platform. The 260-um-thick chips are inserted from the backside and planarized using a
tape on the front of the wafer. Photoresist sacrificial layer on the perimeter of the Si chip
with help of anchoring parylene layer on the backside. From the frontside of the Si chip,
parylene and metal interconnect has been fabricated to finalize the desired retina prothesis.
The packaging and integration have been finished by separate the parylene with Si chips
from the temporary Si platform through photoresist sacrificial etch [23]. Emergence of
UTC (Ultra Thin Chip) opens new pathway of miniaturization of biocompatible package
causing minimal neural tissue damage upon implantation for neural electrodes as shown
in Figure le [24,25]. The initiation of UTC is made by need for embedding Si chip into
packaging carrier substrate, which could reduce packaging cost by suppressing certain
step of conventional packaging, for example, EMC (Epoxy Mold Compound) for flip-chip
technology.

From the examples shown in Figure 1, it is found that the biocompatible packaging
starts to use conventional packaging technology such as wire-bonding, flip-chip bonding,
PCB chip carrier and advances to use microfabrication technology due to the need for
maximum miniaturization and lots of electrical wiring. Implantable microsensors have
been packaged in a conventional method such as EMC (Epoxy Mold Compound), wire
bonding, PCB, and they are bonded and encapsulated with soft or biocompatible material
to be suitable in biological environment. Furthermore, advanced medical device such
as neural prosthesis is implemented with flexible material, its electrical interconnection
with silicon IC is the essence of packaging technology. Thinned Si IC can be embedded
into polymer material and it can be integrated with the polymer-based neural prothesis.
Such a thin silicon chip is ideally best approach to achieve maximum miniaturization of an
active implant. This paper presents polymer-based biocompatible packaging techniques for
implantable devices. Biocompatible packaging approaches, focusing on materials and the
packaging process, have been summarized in Section 2. Section 3 addresses the reliability
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issues of the biocompatible packaging as well as FEM modeling and simulation based on
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Figure 1. Examples of implantable device packaging. (a) PDMS encapsulation of wire-bonded chip; (b) Polyimide
encapsulation of flip-chipped Si chip; (c¢) MicroFlex Interconnect (MFI); (d) MicroFlex Interconnect (MFI); (e) Ultra-Thin-

Chip (UTC) packaging.

2. Biocompatible Packaging Methods

The objective of the biocompatible packaging is to provide a protection for the im-
planted electronic device to be tolerating the harsh biological environment in order to
increase life-time of implanted device. Sealing of the implanted device is one of the critical
aspects of long-term reliable biocompatible package. Materials and process will determine
the type of sealing of the biocompatible packaging; hermetic, watertight, or permeable.
Particular difficulty of the biocompatible packaging is the need for feedthrough as the
implanted device should interact with the biological medium in different ways; electrically,
chemically, mechanically, or optically. It is required that the feedthrough should withstand
mechanical stress due to biological environment such as muscle activity. In addition,
it should not add significantly to the mechanical load of the implant, as in the case of
tethered neural implants whose cable weight and flexibility may negatively affect tissue
response [26,27]. As shown in Figure 1, it can be said that the biocompatible packaging is
mainly being achieved in two different ways: (1) polymer encapsulation of conventional
circuit board (2) chip-level packaging.

2.1. Polymer Encapsulation

Figure 2 shows conceptual drawing of polymer encapsulation of Si chip wire-bonded
on PCB board. The role of polymer encapsulation is to protect the packaged circuit
preventing biofluid from penetrating during its operation. Such a polymer encapsulation
is implemented through a molding process which uses predefined mold to encapsulate the
implanted electronics. To be well-bonded and guaranteed their mechanical properties, the
polymer materials should be cured at designated temperature for suitable time duration. It
could make additional thermal stress on the implantable device in conventional package
and sometimes newly-formed interfaces between encapsulated device and encapsulation
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polymer suffers from delamination. In addition, this packaging approach has drawbacks
in view of miniaturization of implantable devices as it houses conventional package with
biocompatible polymer encapsulation. Most of the biocompatible packaging uses this
approach even for advanced implantable neural devices. Material properties and process
conditions of frequently-used polymer materials are summarized in Table 1 [28]. Polymer
material has lower mechanical modulus, which reduces mechanical stress to surrounding
tissues. The polymer materials are utilized through coating for molding or bonding for
lamination to encapsulate the package inside.

Polymer
encapsulation

feedthrough

Figure 2. Polymer encapsulation of conventional package for biocompatible package.

Table 1. Summarizes material properties and process conditions of polymer materials.

Properties Polyimide + Epoxy Parylene-C PDMS ++ SU8 +++
Possible thickness (1m) 3-20 1-100 . 107100 . 1-300
with spincoating
Moisture absorption (%) - 0.06 <1 0.55-0.65
Glass transition temperature (°C) - >40* - - 200-210
Thermal coefficient of expansion 35 52 (below Tg) * 35 ) 5
(ppm/K) 191 (above Tg) *
Tensile strength (MPa) 200 34 ** 69 6.2 60
Elastic modulus (MPa) 3400 4800 ** 3200 0.1-0.5 2000

+ HD microsystem HD4100 Series, * EPOTEK-302 data sheet, ** Araldite 2014, ++ Nusil MED-1000, +++ Microchem SU8-2000 and SU8-3000

series.

Most of the polymer materials need to be cured at certain temperature in order to
ensure stable mechanical properties. For example, epoxy will have different mechanical
properties depending on curing conditions. Epoxy, cured at room temperature for 24 h
(equivalently around 50% curing rate), shows yield strength of 24 MPa and elastic modulus
of 2 GPa, while it has 35 MPa yield strength and 5 GPa Young’s modulus after 4 h curing
at 64 °C [29]. In addition, hydrophobic surface treatment of the polymer is one of good
solutions to improve the reliability of the biocompatible package [30-32].

2.2. Chip-Level Packaging

The important perspectives in implantable electronic package are biocompatibility,
hermeticity, and miniaturization. Biocompatibility typically refers to the way the body
tolerates the presence of an implant material and thus polymer materials given in Table 1
and Ti (titanium) box are frequently used for the biocompatible package as explained in
previous section Hermeticity of a package is referred as the integrity of sealed packages to
resist gas and liquids penetrating the seal or an opening (crack) in the package, especially
critical to the reliability and longevity of a packaged electronics. A diffusion barrier based
on thin-film passivation can be deposited onto a Si chip or a polymer encapsulation in
order to prevent biofluid penetration or diffusion of IC materials into the body. Table 2
summarizes material properties of frequently-used diffusion barrier of the biocompatible
package. Diffusion barrier is a dielectric film deposited on a Si surface or an encapsulating
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polymer to avoid liquid passage through biocompatible package [33—40]. The dielectric
layer, Al,O3 deposited by ALD (Atomic Layer Deposition) is frequently used as moisture
barrier between polymer layers to increase adhesion strength between the polymer layers
or enhance the life-time of a neural electrode bilayered with parylene material [41,42].
Ultra-thin thermally-grown silicon dioxide transferred to flexible substrate has shown high
robustness as biofluid barrier compared with conventional approaches such as LCP and
Al,Os/Parylene-C [43].

Table 2. Material properties of diffusion barrier layer of the biocompatible package *.

Material Properties SiO, SizNy SiC Al,O3
Density (g/cmS) 2.65 3.44 3.21 3.95
Thermal coefficient of expansion (1075 K1 0.05 0.28 0.44 0.70
Elastic modulus (GPa) 66.3 310 90 330
Poisson ratio 0.15 0.27 0.35 0.22
Tensile strength (MPa) 45 400 240 240

* Table 2 is partially taken from reference [21].

Figure 3 shows a concept of UTC-based chip-scale biocompatible package. It has
merits of miniaturization compared with polymer encapsulation of conventional package.
Miniaturization of the biocompatible package is important because mechanical load of
the implanted device may negatively affect tissue response. Therefore, chip-scale biocom-
patible packaging may be more suitable for advanced implantable devices compared to
the previous polymer encapsulation. It is realized, with microfabrication technologies,
combining Si chips and polymer-based devices such as neural probe, retina prostheses,
etc. It would make it possible to integrate Si chip into soft materials for neural probes
without utilizing a chip carrier such as PCB. Technological difficulties of the integration
process with two different materials rise in size mismatch between Si chips and polymer
devices and thus innovative integration techniques, including metallization, are highly
demanded. The Si chips are typically in a range of 200 um after fab-out, while the polymer
devices have total thickness up to tens of micrometers even if multiple polymer layers
have been used. In general, typical Si chip having a few hundred micrometers in thickness
is assembled to flexible circuit through flip-chip bonding with metallic bumps such as
copper, gold, etc. Anisotropic Conductive Adhesive (ACA) is a good approach to integrate
Si chips onto flexible substrate [44-46]. The advantages of ACA are reduced processing
steps, lower processing temperature, and fine pitch capability. Stability of ACA’s electrical
or mechanical performance depends on associated adhesive types; thermoplastics, such
as polymer, or thermosetting, such as epoxies and silicones. ACA flip-chip technology is
used to assemble bare chips where the pitch is extremely fine, normally less than 120 pum.
ACA flip-chip bonding exhibits better reliability on flexible chip carriers because the ability
of flex provides compliance to relieve stresses. For example, the internal stress generated
during resin curing can be absorbed by the deformation of the chip carrier. ACA joint
stress analysis indicated that the residual stress is larger on rigid substrates than on flexible
substrates after bonding [47]. The thickness of ACA has ranged from 20 pm to 75 pm
depending on the associated materials, and the process temperature is usually less than
200 °C. The drawback of ACA technique exists in that it needs a bonding process that is a
reason of low throughput, and the finest pitch it can provide is limited down to hundred
micrometers, as mentioned earlier. In case of retina protheses, it requires a great of number
of interconnects for 1000 electrodes [48]. The packaging methods relying on bonding
would not be desirable due to its low throughput and thus an innovative way of integra-
tion is necessary to achieve high density (fine pitch) chip-scale integrated interconnect
packaging. Standard microfabrication-based chip-level packaging enables the density of
interconnects to scale to the limits of photolithography used to define the etch holes over
the on-chip pads [48]. However, integration packaging process is not simple because it is
based on sacrificial layer release of the temporary guiding substrate. The guide substrate
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is required to hold relatively thicker Si chips compared with the parylene-based neural
interface device during the microfabrication interconnect process. Such non-conventional
processes sometimes create process errors such as misalignment between pad on Si chip
and neural electrode, which eventually deteriorates the process yield as well as process
cost. Ultra-thin-chip (UTC), defined as less than 20 um in thickness, packaging could be
a solution to tackle the process barrier related with thickness mismatch between Si chip
and polymer materials. Fabrication of UTC is a big challenge and it can be implemented
in different ways; grinding, epitaxial growth, SOJ, silicon wafer with buried cavities, etc.
Furthermore, UTC having 10-50 um thickness shows good flexibility and good mechanical
stability and it provides excellent flexibility and unconditional stability when its thickness
is less than 10 pum. Embedded UTC in a polymer encapsulation may have great advantage
because it provides low mechanical stress as well as biocompatibility. Such a thin Si chips
may also be beneficial in view of process compatibility between polymer materials and
silicon.

UTC Encapsulatoin polymer

PSPI neural electrode

Figure 3. Conceptual drawing of chip-scale biocompatible package.

3. Reliability of Biocompatible Package

The biocompatible packages should be tested to estimate the reliability and life time
as conventional packages. It is generally carried out through an accelerated aging test,
which uses aggravated environmental conditions, such as temperature and humidity,
to predict the expected life time of test devices or packages. In electronic package, the
flip-chipped Si IC must use organic underfill to protect solder bumps by substantially
reducing the mechanical stress. However, the underfill may create a new failure mode
of the package due to CTE (Coefficient of Thermal Expansion) mismatch between the
materials in joint. Shear or peeling stress could result in delamination of imperfect underfill
with voids or microcracks under temperature cycling conditions. Such delamination is
considered as mixed mode interfacial fracture and thus it is studied using FEM modeling
and simulation [49-53]. Concerning biocompatible package, it is also similar case to the
underfill of flip-chipped Si chip because polymer encapsulation creates multiple interfaces
with the encapsulated Si chips, as explained earlier. Therefore, the theory of interfacial
fracture mechanics is briefly explained, and then, an example of FEM modeling and
simulation based on fracture mechanics is presented.

3.1. Estimation of Package Life-Time through Acceleration Aging Test

The acceleration aging test simulates real-time aging using elevated temperatures to
artificially speed up the aging process. This test enables to get the expected life-time of
the device under test. The estimation of the life-time can be calculated by using Arrhenius
equation as follows [54].

k= AcFs’ 1)

where k is rate constant, A is constant, E, is the activation energy, kp is the Boltzmann
constant and T is absolute temperature.
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If an acceleration aging test is running at T, instead of T, destruction will occur at a
rate k, where

ky E (1 1
os 2 = 2 (7 1) @
Suppose rate doubles between 32 °C and 42 °C,
B 1 1
log2 =1, <305 °K 315 K) @)

Therefore, l% = 6663 °K (Hence E = 0.58 V). Suppose the test temperature is 67 °C,
whereas the temperature in life is 37 °C.

ks 1 1
log &, = 6663(310 °K 340 K) @

Therefore, % = 6.66, the speed up factor is achieved.

Therefore, the test period for a 5-year life should be > Lo = 274 days.

3.2. Interfacial Fracture Mechanics

Conventional crack has been dealt in assumption that the material is homogeneous, but
packaging for electronics or implantable device should be considered as non-homogeneous
materials, creating different interfaces. In fracture mechanics, there are three types of cracks,
referred to as mode I, II, and III, as shown in Figure 4. Mode I is a normal opening mode,
while mode II and III are shear sliding mode and shear tearing mode, respectively. In case of
homogeneous material, any fracture mode may be described by one of the three basic modes
or their combination. The stresses near crack tip in the crack plane (xz-plane) for these three
modes can be expressed as (v = 0, x->0+) [55],

Kq
——— 4+ 0(Vx), Oyy =0y =0 5

Oy = —— +0O(vx), oy =0yz =0 6
W= (Vx), oy = 0y (6)

Oy = +O(vx), oyy = 0xy =0 7
yz \/ﬁ (\F) Yy Xy ()

respectively, where the three parameters Kj, Kjj, and Kjjr are named stress intensity factors
corresponding to the opening, sliding, and tearing (anti-plane shearing) modes of fracture,
respectively. These equations shows that stress tend to be infinity as x approaches to crack
tip.

e —_—

‘ /

(b) (c)

Figure 4. Basic fracture modes. (a) mode I (opening); (b) mode II (shearing); (c) mode III (tearing).
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Bimaterial interfacial cracks tend to exhibit mode mixity with coupling between mode
I and mode II [54]. Stress along the interface ahead of crack tip is given

Kxis
27x

®)

Oyy +10xy =

where K = Kj +iKpj, x is the distance from crack tip, 0y, and 0y, are stress component
normal and parallel to crack surface, respectively. The oscillatory index, ¢, a function of the
material properties

LS
SZL V1+P‘2 (9)

Ko 1

27 V2+#1

where y is shear modulus, k¥ = 34 v for plane strain or = (3 — v)/(1 + v) for plane stress.
The subscripts 1 and 2 represent each material associated to build the interface.
Phase angle, a measure of mode mixity, is given as follows.

Y= tan™! (II<<III> (10)

Another important parameter for interface fracture, energy release rate G, can be
found

I S

~ cosh?(me) E*

(11)
where % = E% + E%
The delamination will occur when the stress energy release rate G falls in following

condition
G > Ge(y) (12)

where Gc is critical stress release rate of an interface, which is determined through experi-
mental characterization.

3.3. FEM Simulation of a Biocompatible Package

Finite element method (FEM) simulation, with appropriate mechanics theories, be-
comes useful to find a solution of the reliability issues of different package structures. For
example, underfill has significant impact on flip chip package reliability due to delamina-
tion driven by coefficient of thermal expansion (CTE) mismatch between organic substrate
and silicon die. Such a delamination problem can be solved through FEM study of the
effects of various design variables, including underfill material properties, fillet dimensions,
and die overhang on underfill delamination fracture parameters. Since the delamination
can be considered as a bimaterial interfacial crack, the FEM study is based on interfacial
fracture mechanics, fundamentally a mixed mode, including both energy release rate and
phase angle [38]. Likewise, the biocompatible package can be simulated through FEM
modeling to study its reliability issues concerning delamination of encapsulating polymer.
Figure 5a shows a conceptual drawing of biocompatible package for FEM simulation. The
Si chip is attached to PCB carrier with glue and then wire-bonded for electrical connection.
Flexible cables are connected with typical flexible cable connector at I/O ports of the Si chip.
The conventional package has been encapsulated with a biocompatible polymer. Failure
of such biocompatible package could be caused by imperfect encapsulation material with
voids or microcracks as indicated in Figure 5b. Therefore, the failure mode, due to the
initial crack, is of interest for the FEM simulation. Figure 5c presents 2D FEM model for
fracture analysis due to the initial crack. The initial crack has been defined at the interface
between Si chip and encapsulation polymer, epoxy. As it is a half model of the package,
boundary condition has been correspondingly defined at symmetric line; ux = uy = 0 at
x =y =0, ux = 0 at x = 0. Table 3 summaries material properties and dimension of the
model. The 2D element behavior is defined as axisymmetric or plane strain and applied
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temperature load is —100 °C in assumption that the package is under the acceleration
aging test for its life-time estimation. Initial crack with crack tip is defined starting from Si
edge at the interface with encapsulation epoxy. As the objective of this simulation is to find
stress parameters related with the failure mode, finer mesh has been defined at the crack
tip as shown in Figure 5d. The applied thermal load from the acceleration aging test makes
the biocompatible package deformed due to CTE difference between materials. Thus, the
deformation of the package has been first found in the simulation as shown in Figure 6a.
The package has deformation of out-of-plane bending due to the thermal loading and thus
Si chip is under tensile stress as expected.

Next, the crack modes at the crack tip have been checked. Figure 6b,c clearly demon-
strates the direction of opening and shearing modes of an initially closed crack interface.
It is important to understand the change of fracture parameters, including both energy
release rate and phase angle, during crack propagation, i.e., increase in crack length.

Figure 7 shows stress intensity factor, phase angle, and strain energy release rate as
function of crack length, respectively. Opening mode (K}) and shear mode (Kj) increase
as the crack length increases. After 0.5 mm crack length, Ky is slightly reduced and K;
is still increasing, which is confirmed in phase angle change as function of crack length.
Phase angle starts from near 90° (shear mode) and shows 72° at 1 mm crack length. Phase
angle of 0° represents opening mode. Therefore, shear mode strength of epoxy is important
when crack length is small, while tensile mode strength becomes important when crack
length is substantial. SERR in mode 2 (G;) has maximum at 0.5 mm crack length, while
SERR in mode 1 (G;) increases in the crack length of interest.

Initial crack

EPOXY i \
FPcB

(b)

(c) (d)
Figure 5. Finite element method (FEM) model of the biocompatible package. (a) Concept; (b) Cross-sectional view; (c) 2D
model; (d) Meshed model.
Table 3. Material properties and model dimension.
Elastic Modulus Poisson Coefficient of Thermal Dimension
Name . . o
(GPa) Ratio Expansion (/°C) Width (mm) Height (um)
Epoxy * 1.58 0.4 60.7 x 107° 11 3350
Silicon ** 190 0.28 3.1x107° 5 350
PCB (FR4) *** 24 0.15 145 x 106 10 1000

* Material properties has been extracted from Ref. [29]. ** Material properties have been taken from Ref [56]. *** Material properties have

been extracted from Ref [57].

71



Micromachines 2021, 12, 1020

Figure 6. Package deformation and corresponding fracture mode at crack tip. (a) Deformation of the

(b)
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package; (b) Opening mode at crack tip; (c) Shear mode at crack tip.
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Figure 7. (a) Stress intensity factor, phase angle as function of crack length, and (b) strain energy release rate as function of

crack length.
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In case of small crack length, mode 2 is a dominant factor, as validated with phase
angle and thus, critical toughness (G¢) in mode 2 becomes important. When the crack
length becomes substantial, critical toughness (G¢) in mode 1 plays an important role. In
general, G, in mode 2 has bigger value that that of in mode 1 [53].

The effect of material property of the packaging material has been studied as it is
one of major critical parameters. The encapsulation polymer is the packaging material
for biocompatibility, so its elasticity has been changed to check its effect to the packaging
reliability. As seen in Figure 8, strain energy release rate (SERR) increases with elastic
modulus of encapsulation material, which indicates that stiffer encapsulation will generate
a larger crack driving force and accelerate crack propagation once the crack is initiated.

45 T

40+

1 2 3 4 5 6
Elastic modulus(GPa)

Figure 8. Strain energy release rate (SERR) as function of elasticity of packaging polymer.

Given with fracture analysis results, geometric parameters of the packaging have
been studied to find optimal package dimension. The dimension parameters of interest
in the package design are top epoxy height, bottom epoxy height as indicated in Figure 9.
Initial thickness of top and bottom epoxy is 100 pm and the crack length is fixed to 0.5
mm. Figure 10 shows the thickness effect on fracture parameters, strain energy release
rate (SERR) and phase angle. SERR increases with top epoxy thickness, while it reduces
with bottom epoxy thickness. Closer examination on the bending mode of the package
reveals that bending modes are dependent on the ratio between top and bottom epoxy
height, as shown in Figure 11. When top epoxy height becomes thicker than that of bottom
epoxy, opening the fracture mode becomes dominant due to the packaging bending mode.
However, increasing bottom epoxy thickness maintains the initial bending mode making
shear fracture mode far more dominant. Thus, it is recommended that bottom epoxy height
should be always thicker than that of top epoxy as shear mode adhesion has greater than
that of opening mode. It makes the Si chip under tensile stress, which reduces Si chip
delamination from carrier substrate.

0 20403 4e+03 (um)

[ Eaa— ESSSS—/

Te+03 3e+03

Figure 9. Dimension parameters for parametric analysis.
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Figure 10. (a) Fracture parameters as function of top epoxy height. (b) Fracture parameters as function of bottom epoxy height.
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Figure 11. Bending mode as a function of epoxy height. (a) Maximal displacement vs. Epoxy height
(b) Deformation of package when top epoxy height is 400 um; (c) Deformation of package when
bottom epoxy height is 500 pm.
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4. Conclusions

Biocompatible packaging plays a more and more important role in implantable medi-
cal devices due to emergence of new technology such as neural prosthesis. Evolution of the
biocompatible packaging has been recently reported; it has been recognized that flip-chip
bonding with a bare chip is one of best way of packaging in terms of miniaturization as is
conventional electronics packaging. However, microfabrication-like packaging has been
frequently reported as advanced UTC (Ultra-Thin Chip) technology is introduced. The
major advantage of UTC technology is the capability of maximum miniaturization and
thus, biocompatible packaging can take advantage of this new technology as package
mechanical stress can cause undesirable FBR (Foreign Body Reaction) during implant. The
biocompatible packaging approach can be categorized in two different ways, polymer
encapsulation of conventional package and chip-level packaging. Material properties for
encapsulation polymers and diffusion barrier have been presented in view of long-term
biocompatible packaging. Diffusion barrier is a dielectric or ceramic layer to prevent liquid
penetration or leaching of toxic chemical out of packaged Si chip, while encapsulating
polymer is a protection polymer with lower elasticity causing smaller mechanical stress to
surrounding tissue. As encapsulating polymer has multiple interfaces with the packaged
objects such as sensors, Si chip, bumps, and bonding wire, there would be interfacial
delamination caused by imperfect manufacturing of polymer coating, resulting in voids or
microcracks. FEM modeling and simulation, based on fracture mechanics, is an efficient
way to understand of the failure mode due to the interfacial delamination. At FEM mod-
eling and simulation, phase angle based on stress intensity factor of mode I and mode II
is used to find principal failure mode of encapsulation polymer for biocompatible pack-
age. Package design can be also made through FEM-based parametric study of package
geometric parameters. In conclusion, this paper addresses that it is of high importance
that packaging technology, material selection, modeling, and simulation are essential for
long-term reliable biocompatible package.
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Abstract: This study employed finite element analysis to simulate ultrasonic metal bump direct
bonding. The stress distribution on bonding interfaces in metal bump arrays made of Al, Cu, and
Ni/Pd/Au was simulated by adjusting geometrical parameters of the bumps, including the shape,
size, and height; the bonding was performed with ultrasonic vibration with a frequency of 35 kHz
under a force of 200 N, temperature of 200 °C, and duration of 5 s. The simulation results revealed that
the maximum stress of square bumps was greater than that of round bumps. The maximum stress of
little square bumps was at least 15% greater than those of little round bumps and big round bumps.
An experimental demonstration was performed in which bumps were created on Si chips through Al
sputtering and lithography processes. Subtractive lithography etching was the only effective process
for the bonding of bumps, and Ar plasma treatment magnified the joint strength. The actual joint
shear strength was positively proportional to the simulated maximum stress. Specifically, the shear
strength reached 44.6 MPa in the case of ultrasonic bonding for the little Al square bumps.

Keywords: finite element analysis; ultrasonic bonding; metal direct bonding; microsystem integration

1. Introduction

Recent research has promoted the application of ultrasonic bonding, which is conven-
tionally used in the bonding of metal/plastic or plastic/plastic, to metal direct bonding.
Ultrasonic bonding was recently developed for hermetic sealing in microelectromechanical
system (MEMS) packaging. Since 2002, ultrasonic bonding has been used in homogenous
and heterogenous metal bonding, including Al/Al, In/Au, and Au/Al [1,2]. Since 2007,
studies on the application of ultrasonic bonding to tinned Cu columns have emerged [3-5],
and the first report of successful direct Cu bump bonding appeared in 2013. At present,
metal direct bonding, including Cu rim sealing in sensors or flip chip bonding of Au or
Cu bumps, is under development in the packaging processes of microelectromechanical
systems [6-8]. All these progresses are due to the advantages of ultrasonic bonding, i.e.,
the extremely short bonding time (in seconds or less than 1 s) and the operability at room
temperature in ambience.

In ultrasonic bonding [9], fast horizontal vibration is generated using ultrasound
to bond two metal surfaces through rapid friction at the bonding interface. The friction
damages the surface oxidation layers, removes impurities, and generates a high thermal
energy, thereby drastically reducing the bonding time. This method does not require the use
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of a flux. The short bonding time generates little byproducts (e.g., intermetallic compounds)
and therefore allows the resulting component to maintain its favorable electrical properties.
Despite advantages such as short bonding time, high bonding strength, high electrical
conductivity, and low processing temperature, ultrasonic bonding is less effective when
the bonding surface is large.

ANSYS (v.19.2, 2018, Ansys, Inc., Canonsburg, PA, USA) is a program capable of
simulating the stress of a material subject to force. Regarding the use of ANSYS in the
simulation of ultrasonic bonding, Wang et al. [10] simulated the stress and strain generated
by the bonding of composite polymer materials and Al, and compared the simulated joint
shear strength with the value obtained in an experimental demonstration. Arai et al. [11]
simulated horizontal and vertical deformation in bumps subject to ultrasonic bonding and
suggested that high deformation is associated with high bonding strength. Sasaki et al. [12]
simulated the effect of different welding heads on ultrasonic bonding and reported a
positive correlation between bonding strength and the depth of stress distribution. In
ultrasonic bonding, friction exerts a substantial effect on the stress and strain distributions.
Increasing the frequency of friction increases the equivalent strain of the corner surface.
This indicates that when the equivalent strain is highly concentrated at the corner of a
workpiece, the resulting deformation becomes less even [13]. Myung et al. [14] considered
thermal cycle parameters in finite element analysis (FEA) of Cu/Cu bonds, the formation
of cracks could be predicted.

This study aimed to improve the feasibility of ultrasonic bonding in microsystem
integration and employ metal bump direct bonding as an alternative to conventional
polymer and solder joining techniques, such as die attachment, flip chip, and ball grid
array packaging. As for flip chip, the arrays of bumps with the functions of mechanical
support and electrical and thermal conductance usually consist of solders. Studs of gold,
coppet, silver, and their alloys have also been applied [15-19]. In such cases, intermetallic
compounds usually form at the interface with Al pads and likely lead to reliability problems,
especially when subject to a harsh environment. Al bump arrays made from bonding wires
were recently developed to join with Al pads for high temperature applications such
as SiC power devices [20]. This joint structure is free from the formation of interfacial
intermetallic compounds and the subsequent problems. To optimize the ultrasonic Al
bump bonding process, we attempted to conduct experiments on and simulate the use
of ultrasonic bonding to integrate Al bump arrays with Al thin film. In addition to using
ANSYS to simulate the stress distribution of bumps subject to force, this study includes an
experimental demonstration to determine the effects of bump shape and size on simulated
maximum stress and actual joint strength.

2. Experimental Procedures
2.1. Finite Element Analysis

To explore the effect of bump shape and size on the effectiveness of ultrasonic bonding,
FEA was performed to simulate the stress exerted on the bump surface during the bonding
process. Figure 1 presents the setup for simulation. First, 3D software was used to create a
model and generate three types of bumps, namely little square bumps (LSB), little round
bumps (LRB), and big round bumps (BRB). The bumps were stacked on a chip coated with
metal thin films, and the workpiece was placed on a platform with a heating rod. Model
meshing was performed based on the bump size. Next, the static structural model was
selected in ANSYS. The steady-state thermal model was then selected and linked with the
static structural model to configure the properties of the materials, namely Al, Cu, and
Ni/Pd/Au. Owing to limitations in computation time and capability, the total bump height
was set as 5 pm and 10 um, and the thickness of Pd and Au was set as 1 um. With respect
to the meshing of samples, the adaptive sizing mode was used. Minimum edge length was
the bump height, i.e., 5 pm for 5 um-thick bumps, and 10 pm for 10 pum-thick bumps. As in
the example given in Figure 2a, the 5 pm and 10 pum-thick bumps were all divided into 44
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cells. As for the Pd or Au with the thickness of 1 um (Figure 2b), the minimum edge length
was 1 um and meshing cell number was 36.

|~

Sputtered Al on Si chip Al bumps on Si chi

Figure 1. Simulation setup for ultrasonic bonding in this study.

A
0.000 1.000 {mm)
0500
(b)
Figure 2. Meshing for simulation: (a) 10 um-thick big round bumps (BRB), (b) 1 pm-thick Pd for

Ni/Pd/Au.

All material parameters were set according to theoretical values (Table 1); for example,
the density, Young’s modulus, and Poisson’s ratio of Al were 2.7 g/ cm?, 70 GPa, and
0.35, respectively. The configured model was input into ANSYS to determine the model
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materials. Figure 2 illustrates the model meshing. The boundary condition, set using the
fixed support model, of force was determined as the upper surface of the die surface, with
an input force of 200 N. Vibration displacement time and distance were input in the bump
movement. For the steady-state thermal model setting, the heating rod temperature was set
as 200 °C. Notably, frictional displacement was considered in the simulation to accurately
reflect the actual process of ultrasonic bonding. This was achieved by configuring the ma-
terial friction coefficient (Table 1), frictional displacement (6 um), and frictional frequency
(35 kHz). Finally, the equivalent stress was input to solve the final stress value.

Table 1. Material property parameters in finite element analysis (FEA).

Bump Al Cu Ni Pd Au

Density (g/cm*3) 2.7 8.96 8.908 12.023 19.3

Poisson’s Ratio 0.35 0.34 0.31 0.39 0.44
Young’s Modulus (GPa) 70 110 200 121 79

Coefficient of Friction 14 0.2 0.53 0.36 0.26

2.2. Preparation of Al Bumps

Figure 3 presents the photomasks designed for the BRB, LRB, and LSB. The chip size
was2 x 2mm?, and the total contact area of the bumps was kept constant at 1.12-1.13 mm?.
Lithography and sputtering fabrication techniques were used according to the sample
design. Ti-coated Si chips were used following subtractive lithography etching and additive
lithography sputtering to create the three types of bump array. Figure 4a shows the
subtractive method sequence to form Al bumps, in which the chip was sputtered with an
Al film, followed by photo resist coating and lithography. Ion etching was applied to form
Al bumps. Figure 4b displays the additive sequence, in which lithography was performed
to etch out the defined patterns on the coated photoresist. Subsequently, sputtering was
performed to deposit Al bumps, and after that the photoresist was removed.

BRB ( Big Round Bump )

Bump Diameter: 60 um
Bump Pitch : 40 pum
Edge Distance : 20 um
Bump Number : 20 x 20
Total Area: 1.131 mm?

LRB ( Little Round Bump) 295
Bump Diameter: 30 pum 205 19
Bump Pitch : 19 pm A —
Edge Distance: 29.5 pm

Bump Number : 40 x 40 19

Total Area: 1.131 mm?

LSB ( Little Square Bump ) IIH

20 40

Bump Diameter: 26.5 pm
Bump Pitch: 23 um 5 >
Edge Distance : 21.5 pum
Bump Number : 40 x 40
Total Area: 1.12 mm?

Figure 3. Specifications of the three bump types.
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Q .IOOO

Subtractive (ion etching)
@

sputtering

] 1 1
(S L ==Y

(b)
Figure 4. Illustrations of Al bump fabrication: (a) subtractive method and (b) additive method.

2.3. Surface Pretreatment and Surface Energy Measurement

Surface modification of the Al bump surface was performed using Ar plasma prior
to bonding. The conditions of Ar plasma were as follows: power of 200 W, gas flow of
50 sccm, and treating time of 20 min.

Surface energy was estimated according to contact angle measurement. The sur-
face energy -; can be divided into two parts, dispersive part 75 and polar part s".
Deionized water (7;” = 46.8 mN/m and ;” = 26 mN/m) and CHyI, (7;” = 6.7 mN/m,
7P =44.1 mN/m) were adopted to calculate v, using Equations (1) and (2) [21].

Vs = Ys — Y1€OS 0 )
1 1
Y =’rs+%—2[(’rsD+’rF)2+(’rf+’np)2] @

2.4. Ultrasonic Bonding and Joint Strength Measurement

The substrate specimens were square Al-coated Si chips with a length of 3 mm. The
substrate was bonded with a Si chip with Al bumps on it through ultrasonic bonding.
Figure 5 is a schematic of the customized ultrasonic bonding machine used in this study.
The vibration frequency and amplitude of ultrasonic bonding were 35 kHz and 6 pm,
respectively. The bonding process was performed in air or nitrogen atmosphere. The
bonding temperature was 200 °C, the bonding load was 200 N, and the ultrasonic vibration
time was 5 s.

Bondlng _Ultrasonic horn

~Load— /

Ui nic vil on .
Substrati‘ PN oy ' ; a— chip

heating stage

Figure 5. Schematic of the ultrasonic bonding machine.
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Figure 6 illustrates the shear testing for obtaining the joint strength. The shear rate
was 0.2 mm/min. A thermosetting glue was used to fix the joint specimen, followed by
pushing in the knife shear to adjust the shear plane for the shear test.

shearing

.
gel

Figure 6. Illustration of the shear testing.

3. Results and Discussion
3.1. Simulation of Stress Distribution

FEA was performed to simulate the stress distribution during ultrasonic bonding.
Figures 7 and 8, respectively, present the simulated stress distributions when the bump
height was 10 and 5 um. The maximum stresses were also labeled. The three bump types
exhibited similar stress distributions, with the compressive stress concentrated on the edges
of the specimens. Particularly, the BRB specimen exhibited relatively lower stress at the
center, whereas the stress distributions of the LRB and LSB specimens were more even. For
each material, the LSB exhibited a greater maximum compressive stress than the other two
bump types, while LRB and BRB did not differ greatly. In addition, the 10 um-thick bumps
showed higher compressive stresses than the 5 um-thick bumps for all the bump types.
The statistics for the stress and corresponding area fraction illustrated in Figure 9 support
the above observation about the stress distribution. Overall, stress was concentrated at the
peripheral areas of the chips, and the bump shape influenced the stress distribution more
than the bump size.
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BRB LRB

Al

Ea

245.83 MPa 237.93 MPa 267.4 MPa

31114 MPa

360.75MPa 347.75 MPa 423.38 MPa

Figure 7. Stress distributions at the bonding interface when bump thickness was 10 um.

BRB LRB LSB

146.61MPa 142.87 MPa 166.28 MPa

230.78 MPa ' 224.51MPa ) 255.22 MPa

243.44 MPa ’ 234.71MPa 290.02 MPa

Figure 8. Stress distributions at the bonding interface when bump thickness was 5 um.
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Figure 9. Quantitative simulated stress distribution on bonding surface and corresponding area fraction: (a) 10 pm bumps

and (b) 5 um bumps.

3.2. Simulated MAXIMUM STRESS with Respect to Materials and Bump Geometry

Figures 10 and 11 compile the maximum stress determined in the simulation. For the
10 um-thick bumps (Figure 10), the maximum stress comparisons all reveal that Ni/Pd/Au
exhibited the largest stress, followed by Cu and Al. The maximum stress of the BRB was
only slightly higher than that of the LRB for all materials, by approximately 5%; presenting
little difference caused by size dissimilarity (Figure 10a). In contrast, the maximum stress
of the LSB was approximately 15-20% greater than that of the LRB (Figure 10b). Figure 11
presents the simulation results when the bump height was 5 um. The maximum thickness
of the BRB was approximately 5% greater than that of the LRB, and that of the LSB was
10-20% greater than that of the LRB. The maximum stress of the 10-pm thick specimens
was greater than that of the 5-um thick specimens, and the increase in maximum stress
depended on material type. Specifically, the Al specimens exhibited the largest increase
(60%), followed by Ni/Pd/Au (45%) and Cu (40%).

375
s50] (=—JBRB
325 ] [ LRB

300
275
250
225 4
200
175
150
125
100

75 4

50 4

25

Maximum Stress (MPa)

4504 ==JLRB
425—_ -LSB

Maximum Stress (MPa)
N
b
1

Al

Cu Ni/Pd/Au Al Cu Ni/Pd/Au

(a) (b)

Figure 10. Comparison of the maximum stress of 10-um thick specimens: (a) BRB and LRB; (b) LRB and LSB.
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Figure 11. Comparison of the maximum stress of 5-um thick specimens: (a) BRB and LRB; (b) LRB and LSB.

3.3. Experimental Demonstration of Al/Al Joint Strength

Figure 12a,b present the top views of LSB Al bumps prepared using the subtractive
and additive methods, respectively. The contours of the Al bumps shown in Figure 12¢,d
suggest than the bump height of these two samples was about 1 pm. The additive bumps
exhibited an arched surface. On the contrary, the subtractive bumps showed a flat surface,
with an effective contact surface area at least 40% larger than that of the additive bumps.
The arched surface of additive bumps might have resulted from the shadowing effect of
sputtering due to the photoresists. The data given in Table 2 indicate that when ultrasonic
bonding was performed in air without surface pre-treatment, the subtractive LSB exhibited
an average shear strength of 22.5 MPa, whereas the bonding of the additive LSB was
unsuccessful. When ultrasonic bonding was performed in a nitrogen atmosphere, the
average shear strength of the subtractive LSB increased slightly to 23.7 MPa, whereas the
bonding of the additive LSB still failed. When surface activation right before bonding
was performed using Ar plasma, the bonding of the additive LSB remained unsuccessful,
but the shear strength of the subtractive LSB increased considerably to 44.6 MPa. The
enhancement by Ar plasma bombardment could be ascribed to the significant increase in
surface energy, indicating sufficient surface activation [22,23]. The significant increase in
surface energy could be verified by the data shown in Figure 13, which were derived from
the contact angles of untreated surface using Equations (1) and (2), which were 74.9° for
H,O and 45.9° for CHyI,, while those of the Ar plasma-bombarded surface were 4.6° for
Hzo and 31.5° for CHzIz.

Table 2. Comparison of the ultrasonic bonding results of the LSB bumps created using subtractive
lithography etching and additive lithography sputtering (the conditions of Ar plasma: 200 W—50
scem—20 min).

Photolithography Type Pre-Treatment Bonding Environment Joint Strength
Without Air Failed
Additive pre-treatment N, atmosphere Failed
Ar plasma Ny atmosphere Failed
Without Air 22.5 MPa
Subtractive pre-treatment N, atmosphere 23.7 MPa
Ar plasma N, atmosphere 44.6 MPa
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Figure 12. LSB: (a) top-down view of the subtractive Al bump; (b) top-down view of the additive Al bump; and cross-
sectional atomic force microscopy scans of the (c) subtractive Al bump and (d) additive Al bump.
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Figure 13. Surface energy of untreated and Ar-plasma treated Al surfaces.
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3.4. Geometrical Effects on Joint Strength

Figure 14 compiles actual joint strength and the maximum stress simulated using the
aforesaid FEA on Al/Al bonding. When the bump thickness was 10 pm, the maximum
stress of the LSB, LRB, and BRB was 267.4, 237.93, and 245.8 MPa, respectively. When
the bump thickness was 5 um, the maximum stress of the LSB, LRB, and BRB was 166.28,
142.87, and 146.61 MPa, respectively. As tabulated in Table 3, and also Figure 14, the shear
test results reveal that the actual shear strength of the LSB, LRB, and BRB with surface
pre-treatment was 44.6, 28.5, and 30.1 MPa, respectively, whose sequence approximated
the maximum stresses estimated through simulation. This again indicates that under the
same contact area, bump shape exerted a more notable effect on ultrasonic bonding than
bump size. The test results for both the actual joint strength and the simulated maximum
stress supported this inference.

50 r T T T T T " T r T r T —T 350
i [ shear strength [ 305

45 4 ® 10 pmsimulation stress | }
. 5 umsimulation stress | [ 300 s
40 I W
1 . -—275 %
_ 35 - - 250 <
o f L )
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= 30+ - =
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> 25 L 175 €
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Figure 14. Simulated maximum stress and actual joint shear strength of the LSB, LRB, and BRB.

Table 3. Actual joint strength of the BRB, LRB, and LSB subjected to Ar plasma pretreatment (200 W,
50 sccm, and 20 min) and ultrasonic bonding.

Pre-Treatment Bonding Environment Joint Strength
BRB 30.1 MPa
T Ar plasma N, atmosphere 285 MPa
LSB 44.6 MPa

Diffusion under pressure and stress has been studied thermodynamically [24]. The
estimation of diffusivity under stress conditions is based on the following equation.

D v*
ln(DO> = (U—Uo)ﬁ (3)

where D is the diffusivity under the set conditions, Dy denotes the diffusivity at as-received
state, V* is atomic volume, and 0 respectively represents the stresses with or free from
stresses. Accordingly, it can be inferred that an increased compressive stress brought about
an increase in D/Dy. Therefore, the enhanced self-diffusivity and thus accelerated atom
diffusion resulting from the compressive stress accounts for the greater bonding strength
of the square bumps.
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4. Conclusions

In this study, ultrasonic bonding was utilized to perform direct metal bonding for
bump arrays. FEA was adopted to explore the effects of bump shape, size, height, and
material on the stress distribution on the bonding surface. An experimental demonstration
of Al/Aljoint strength was also carried out. The simulation results reveal that the stress
distribution of the large bumps was more uneven than that of the small bumps, while the
bump shape and height influenced the maximum stress more significantly. Material type
did not exert a notable effect on stress distribution, but the maximum stress was positively
proportional to the Young’s modulus. When ultrasonic bonding was applied to bond
Al bumps and thin film, only the subtractive bump underwent successful bonding, and
Ar plasma pretreatment magnified the actual joint strength by multiple folds: the actual
joint strength of the subtractive LSB specimens with Ar plasma pretreatment reached 44.6
MPa. A comparison of the experimental and FEA results verifies that the tendency of the
joint strength observed in the experimental demonstration was consistent with that of the
maximum stress estimated using FEA.
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Abstract: There is an ongoing effort to fabricate miniature, low-cost, and sensitive thermal sensors for
domestic and industrial uses. This paper presents a miniature thermal sensor (dubbed TMOS) that is
fabricated in advanced CMOS FABs, where the micromachined CMOS-SOI transistor, implemented
with a 130-nm technology node, acts as a sensing element. This study puts emphasis on the study of
electromagnetic absorption via the vacuum-packaged TMOS and how to optimize it. The regular
CMOS transistor is transformed to a high-performance sensor by the micro- or nano-machining
process that releases it from the silicon substrate by wafer-level processing and vacuum packaging.
Since the TMOS is processed in a CMOS-SOI FAB and is comprised of multiple thin layers that
follow strict FAB design rules, the absorbed electromagnetic radiation cannot be modeled accurately
and a simulation tool is required. This paper presents modeling and simulations based on the
LUMERICAL software package of the vacuum-packaged TMOS. A very high absorption coefficient
may be achieved by understanding the physics, as well as the role of each layer.

Keywords: thermal sensors; TMOS sensor; finite difference time domain; optical and electromagnet-
ics simulations

1. Introduction

There has been a great deal of interest in low-cost uncooled IR sensors in recent years,
which may bolster a wide range of new applications, such as consumer electronics, smart
homes, Internet of Things (IoT) devices, and mobile applications. Over the years, thermal
sensors have been extensively applied to uncooled passive infrared (PIR) sensing. Thermal
detection sensors are based on mechanisms that change some measurable property of
a material due to the temperature rise of that material as caused by the absorption of
electromagnetic radiation. Of these, the most important state-of-the-art thermal detectors
are microbolometers, thermopiles, and pyroelectric IR (PIR) sensors [1-6].

Commercially available PIR sensors are usually based on decades-old pyroelectric
detector technology. The main drawback of current pyroelectric PIR detectors is that the
sensors can only detect moving objects and not the presence of hot objects. Furthermore, as
the response times of these sensors are relatively high, fast moving targets are often not
detected. They can also fail to detect intruders that move slowly or crawl. They also suffer
from false events, which are particularly common at elevated temperatures.

Micromachining has been the enabling technology for sensitive thermal sensors, which
require very low thermal mass and very low thermal conductivity [7]. When an optical
power irradiates a micro-machined thermal sensor packaged in vacuum, its steady state
temperature increases by ATss = nPir/Gth, where Gth [W /K] is the thermal conductance
of the holding arms and 1 is the absorbing efficiency of the radiation.
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The advent of microelectromechanical systems (MEMS) and nanoelectromechanical
systems (NEMS) technologies in CMOS technology has enabled the production of high
performance bolometers and thermopiles. CMOS and its derivative CMOS-SOI are the
prevalent microelectronics technologies and the key to a significant cost reduction in many
monolithically integrated electro-optical sensors.

Microbolometers are still relatively expensive as they require additional fabrication
steps, such as vanadium oxide deposition, on top of standard surface micromachining
processes. Thermopiles are being compatible with standard CMOS processes that allow
low-cost production with large volumes but require powerful amplifiers since the internal
signal is low.

Recently, novel uncooled thermal sensors based on CMOS-SOI technology have been
extensively pursued [8-14], mainly for IR and THz detection, and more recently for gas
sensing [15-18]. The sensor, dubbed TMOS, is based on a suspended micro- or nano-
machined transistor fabricated in standard CMOS-SOI process and released by dry etching.
The thermally isolated transistor, operating at subthreshold, converts small temperature
changes to electrical signals as the transistor I-V characteristics are strongly dependent
upon temperature at a subthreshold level [12].

At present, the most advanced TMOS processing is based on a nanometric 0.13-pm
CMOS SOI technology and is implemented with 8-inch wafers. The silicon technology
is available for advanced yet standard CMOS and MEMS FABs [19], offering wafer-level
processing and packaging (WLP) with integrated optical windows and filters above the
vacuum. As a result, there is a considerable and exceptional potential for cost reduction.
Since the TMOS may be operated at a subthreshold level, thus consuming very low power,
it may be powered by a battery, enabling a wide range of applications related to mobile
phones, smart homes, security, and IoT. This low power feature of the TMOS is a great
advantage in comparison to the passive bolometers for example, which currently dominate
the IR imaging market. In addition, since the TMOS is a transistor, which is an active device
exhibiting large internal gain even at subthreshold, it exhibits unprecedented temperature
sensitivity TCV[K~!] = (dV/dT)/V and very high responsivity in terms of voltage/wattage
in comparison to the commercial passive thermal sensors such as pyroelectric sensors,
thermopiles, and diodes.

This paper presents modeling and simulations based on the LUMERICAL software
package [20] for the absorption of IR radiation by a vacuum-packaged TMOS sensor. Since
the TMOS is processed in a CMOS-SOI FAB and is comprised of multiple thin layers, the
absorbed electromagnetic radiation cannot be modeled accurately and a simulation tool
is required. Section 2 discusses the choice of the simulation tool and the advantages and
drawbacks of LUMERICAL. Section 3 presents the design of a TMOS pixel, as well as
the vacuum-packaged TMOS. Incident IR radiation is first transmitted through the upper
silicon wafer, which provides the optical window. The transmitted electromagnetic radia-
tion is absorbed in the MEMS/NEMS released TMOS. Section 4 discusses the absorption,
reflection, and transmission of the front optical window cap. Since the optical window
has a simple structure, the simulation is compared with analytical numerical modeling
with MATLAB. The correspondence between the simulation, modeling and measurements
validates the results. Section 5 is the heart of this paper and presents the optimized absorp-
tion of the TMOS with an impedance matching layer made of TiN. Section 6 summarizes
the paper. The goal of this study is to give physical insight regarding the layers and
mechanisms that play primary roles in TMOS electromagnetic absorption, as well as to
assist in the use of LUMERICAL for simulations.

2. The LUMERICAL Simulation Tool

The absorption simulation was carried out using the LUMERICAL finite-difference
time-domain (FDTD) tool and the LUMERICAL knowledge base [20]. It is a state-of-the-art
tool for solving Maxwell’s equations in complex geometries, which allows solving and
analyzing electromagnetics in complex photonics problems. FDTD splits the simulated

94



Micromachines 2021, 12, 563

region into many mesh cells and solves the equations relating to the time and space
dependence of the electromagnetic fields at the cell boundaries. Useful quantities can be
calculated by using these data, such as the Poynting vector and the transmission/reflection
of radiation or absorbed power.

One of the main advantages of LUMERICAL FDTD is its ability to simulate very thin
layers that are relative to the radiation wavelength and to use a precise material refractive
index that is frequency-dependent in order to get an accurate analysis of the model. Further-
more, LUMERICAL software allows creation of time-domain field propagation simulations
that contribute to the understanding of the nature of electromagnetic absorption in the
studied system.

There are also several challenges associated with this software:

e  The division of the space into mesh points require that a unit cell will be much smaller
than the shortest wavelength and smaller than the smallest geometrical feature. This
might require multiple mesh points and result in very long simulation durations;

e Introducing boundary conditions at the boundary of the mesh can result in the
introduction of errors;

e Resonators with high Q factor require very long simulation times to converge, if at all.

A Brief Comparison between FEM and FDTD

Electromagnetic simulators solve Maxwell equations, which correspond to the initial
conditions and boundary conditions. Due to the wide variety of types, shapes, and
dimensions of problems, there is no single simulation solver method that is best suitable
for all problems and applications. For 3D problems, there are two common solver methods:
FDTD, which is used in this paper with LUMERICAL, and finite element methods (FEMs),
which are used in many commercial solvers like HFSS and COMSOL Multiphysics.

The simulation processes for the FDTD and FEM solvers are similar. The first step is to
define the physical model, which includes the geometry and the properties of the materials.
The second step is to set up the simulation, which includes defining the simulation’s
general settings, boundary conditions and discretizing the physical model to cells. The last
step is to run the simulation and postprocess the results.

Although the simulation processes are similar for both methods, the implementation
difference between the methods in the way they each solve and discretize the domain may
have a huge effect on the results and computation time for different applications.

In the FDTD approach, the region of the simulation is defined. The simulation domain
is discretized by a rectangular Cartesian style mesh cell. For each cell, the FDTD method
solves Maxwell equations on each cell and time step. The FDTD method solves the equation
in the time domain, which makes it usually more suitable for time domain reflectometry.
Another advantage for solving the equation in the time domain is that by one simulation
the results for broadband frequencies can be achieved.

In the FEM method, the domain volume is discretized to a finite number of elements
and nodes, usually by tetrahedron cell mesh. The field is approximated for each cell.
Among the nodes, a piecewise polynomial solution is assumed and applying the boundary
conditions and simulation properties yields a sparse matrix to determine the fields. Unlike
the FDTD method, the FEM method solves the equations in the frequency domain, which
makes it more suitable for example for resonators or other high-Q circuits. RF engineers and
researchers prefer to use CST or HFSS commercial software while electro-optical scientists
may appreciate the advantages of LUMERICAL.

3. TMOS Pixel Design

Figure 1 presents a single nano-machined pixel, including an overview of the layout
and a 3D model. The layout of a typical pixel is shown in Figure 1a. The suspended TMOS
is released by RIE and DRIE dry etching. For reproducible processing across 8-inch wafers,
all gaps must be the same.
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Figure 1. TMOS single nano-machined pixel. (a) Overview; (b) 3D model; (c) cross section of
the pixel.

The TMOS released transistor of the pixel has the designed form factor W/L, where
W is the width and L is the length of the transistor. It is based on a serial and parallel
combination of the largest transistor that the PDK provides in order to be able to use
PDK models. For example, large channel length, L is obtained by serially connecting two
transistors and the required W is obtained by combining in parallel several transistors.
The vacuum-packaged device is shown in Figure 2 [21].

Top silicon optical window wafer

Glass-frit -
Pads [~ " " " Imossensor

MEMS and TMOS wafe

Bottom silicon wafer

Figure 2. Schematic of the wafer-level package architecture with a getter layer for a high vacuum.

The challenges for wafer-level vacuum packages with MEMS devices are well estab-
lished and reported in the literature [22]. In the case of optical MEMS sensors, such as
thermal sensors, the package plays an important role in the performance, as discussed below.
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4. The Absorption, Reflection, and Transmission of the Top Silicon Optical Window
4.1. Modeling
The TMOS cap is fabricated by two layers: a silicon wafer of the order of 100 pm and
a much thinner silicon dioxide layer. The optical wave transmission of this Fabry—Perot
cavity can be analytically calculated with transfer matrices of the electric fields [23].
Figure 3 exhibits the absorption, reflection, and transmission of the top optical window.

1
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Power
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(R

—— Transmitted
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vuv\)\/\') M AN
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Figure 3. The modeled absorption, reflection, and transmission of the optical window as a function
of the wavelength. The silicon wafer size is ~100 pum and the oxide layer is of the order of 0.1 pm.

4.2. LUMERICAL Simulation

A FDTD model has been created in LUMERICAL as described in Figure 4 in order to
simulate the TMOS optical window.

Plane wave source

PMLB.C

Field monitor

Figure 4. The simulation model and setup. The simulated area is outlined by the orange rectangle. The
lateral dimensions are in the order of 0.1 um. PML B.C.: perfectly matched layer boundary conditions.

As can be seen in Figure 4, on the sides of the FDTD region periodic boundary
conditions were applied and on the top and bottom of the FDTD region a perfectly matched
layer (PML) boundary conditions were applied. A radiation source with the wavelength
range of 5-20 um was set above the TMOS cap. The refractive indices of the materials were
set by the software using Palik data [20,24].

The simulation results are shown in Figure 5.
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Figure 5. Simulations results for the transmission of the TMOS optical window as a function of the
wavelength. PSA: partial spectral averaging (5: delta, see Section 4.3).

The simulations and modeling show good agreement, as can be seen in Figure 6.
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Figure 6. Simulation and modeling of transmission results as a function of the wavelength.

The measured transmission results, compared with the simulation, as shown in Figure 7,
are very different and do not show the resonance lines. A good fit between measurements
and simulation or modeling requires partial spectral averaging, and o (delta) estimation, as
explained below.
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Figure 7. The simulated optical transmittance of the TMOS optical window for different silicon
dioxide thickness as a function of the wavelength. The simulated results are in good agreement with
measured results.
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4.3. Comparison with Measurements

The optical window that was simulated was a Fabry—Perot cavity with two dielectric
slab devices. One of the slabs was much wider (>100 um) than the typical wavelength used
for the measurements. Therefore, inside this slab, we expected to find a standing wave.
During measurement, the transmitted power through the device was measured for a range
of wavelengths. The simulation calculates the transmission for a specific single wavelength,
whereas measurement is experimentally conducted around a certain bandwidth, since
it is difficult to produce a monochromatic source. Therefore, the calculated simulation
should be averaged by a convolution with a Lorentzian weighting function, which is a
function mainly used to characterize narrow spectrum lines, such as emission by atoms,
laser radiation, etc. [20].

The Lorentzian weighting function is defined by:

)

ni2 _
|h(w,w)’ B (w—w’)—i—(rcé)2 @

where ¢ is the FWHM (full width at half maximum) and w is the Lorentzian center frequency.
The value of § can be evaluated by differentiating the relation A = c/f with respect to f,
resulting in Idf| = f/A dA, where dA is the measurement error of the wavelength. The
value of df can be used for the evaluation of the FWHM. As described in Figure 5, the value
of the FWHM used in the simulation was J = 0.6 (THz), which corresponds to a value of
dA =200 (nm). This value yields a match between the measurements and simulation when
using that value.

5. Optimized Absorption of the TMOS Sensor with an Impedance Matching Layer
with the Right Thickness and Location

To gain an understanding of the electromagnetic absorption of the TMOS sensor,
the classical propagation of waves should be applied. The dielectric layers of the TMOS
released transistor (see Figure 1c) are comprised of silicon dioxide and silicon nitride.
The silicon oxide bond absorbs at ~9.3 um, while the silicon nitride bond absorbs at
~11.5-12 um [25]. The physical description becomes complicated since there are several
built-in Fabry—Perot resonators and the LUMERICAL simulations become very useful here.
Furthermore, it is well established from bolometers that an impedance matching layer with
the correct thickness and placement allows optical absorption with 90% efficiency along
large arrays. The concept of impedance matching layer for an ideal A/4 optical cavity is
described in Appendix A [26]. The transmission line description, discussed in Appendix B,
provides an intuitive description of an ideal optical cavity.

It is apparent that in order to reduce reflection and enhance absorption, an impedance
matching layer is mandatory. This layer should provide the required impedance at the
frequency of the incident radiation. It should be based on a standard metallization available
in the CMOS FAB. Luckily, Ti and TiN may provide this layer. At DC, the specific resistivity
of these layers is too low, but at the IR frequency of interest (around 103 Hz) the values
increase by a factor of ~3 because of the plasma effect [25].

In the TMOS sensor case, the modeling is more complicated than that of Appendix B.
We assume that a thin “impedance matching layer” is sandwiched between two optical
materials (the interlevel dielectric material of the TMOS). When the skin depth into the
metal is larger than its thickness, the metallic film can be considered as a regular optical
layer (that may be described by the Drude model [25]). In this case, the Salisbury screen
becomes a dielectrically-coated Salisbury sheet (DSS) [26-29] (see an example in Figure 8):

99



Micromachines 2021, 12, 563

O ® @
—bulse L
A7
________ .,
T & 2y
e P >
4" -
n

Figure 8. Schematic of an optical system consisting of an optical material (1) with n;, thin metal layer
(M), and optical material (2) with ny.

As discussed above, the definition of “impedance matching layer” in this case is much
more complicated: What should be the thickness and the location of this layer in the cross
section of Figure 1c? Theoretically, Fabry—Perot or transmission line modeling may be
performed, but LUMERICAL simulations are very effective and useful here.

At this point, it is important to remind the reader that the accuracy of the LUMERICAL
simulation is very much dependent upon the mesh dimensions. Accuracy increases
if the mesh is less than one tenth of the wavelength. Furthermore, a simple “sanity
check” should be performed to validate the results. The sum of absorption, reflection,
and transmission should be 1. If it is higher than 1, the mesh should be redefined and be
reduced in dimensions.

We present simulation results below that demonstrate how the thickness of the layer
(Section 5.1) and location (Section 5.2) affect absorption. At certain bandpass regions, high
absorption of 90% may be obtain (Section 5.3).

5.1. The Effect of the Thickness of the TiN

To begin with, we wanted to examine the influence of the thickness of the TiN layer
on the absorbance. We simulated the model for varying thickness from 10 nm up to 30 nm,
all positioned in the same height of 2.16 um from the bottom of the Box. The absorption,
reflection, and transmission of this simulation can be seen in Figure 9.
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Figure 9. Absorption (A), reflection (R), and transmission (T) of the transistor with varying thick-
nesses of the TiN layer. Simulation is performed at 9.5 um wavelength.

It can be seen from Figure 9 that the absorption in the transistor is more significant as
the layer thickness decreases and can be improved from 36% up to 52%.
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5.2. The Effect of the Location of the TiN along the Upper Silicon Oxide

After optimizing the thickness of the TiN layer, we continued with optimizing the
absorbance of the sensor by changing the location of the TiN along the upper silicon oxide,
which starts after the last metal layer at the height in the order of ~1.5 pm (see Figure 10).

Ti

luminium

location
~1.5um

Figure 10. Schematic of the TiN location in the TMOS sensor.

The absorption, reflection, and transmission were simulated for different locations
along the silicone oxide for 10-nm and 20-nm layers of TiN.

It can be seen in Figure 11 that the absorbance is higher at a lower TiN placement. As
shown in Section 5.1, the higher absorption is reached by the 10-20 nm TiN layer and is
slightly higher for 20 nm layer of TiN.

0.8
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06 —e— A-TiN=100A
0.5 —+—R-TiN=100A
0.4 —a— A-TiN=200A
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TiN location [um]

Figure 11. Absorption (A), reflection (R), and transmission (T) of the transistor with varying locations
of the TiN layer along the upper silicon oxide for 10-nm and 20-nm layer thickness. This simulation
is performed at a 9.5-um wavelength.

5.3. Simulation of Absorption at an Optical Bandpass

In practice, the TMOS sensor is provided with a bandpass filter that is determined
by the use case. We present the simulation below within a bandpass of 6-13 um. The
simulations were performed with default continuous wave normalization, where in this
state the power monitors are normalized by the Fourier transform of the source pulse. In
other words, it returns the impulse response of the system. For most applications this is the
best choice, but in some applications there may be critical mismatch. For this paper, there
is a good agreement between the field’s results yield by the normalized power over the
source spectrum to the impulse response of single frequency simulations, as can be seen
in Figure 12.
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Figure 12. Absorption of the TMOS transistor with a TiN layer thickness of 20 nm located at 1.58 um
(see Figure 10) as a function of the wavelength.

For the optimized thickness and location of the TiN layer, an absorption of about 90%
can be achieved. The simulation results for various TiN layer thickness and location can be
seen in Figure 13.
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Figure 13. Absorption of the TMOS transistor for various thicknesses (T) and locations (L) as a
function of the wavelength.

Figure 14 shows the simulation results for additional SiN layer with thickness of
0.1 pm for various locations. Though the maximum absorption decreases by about 10%
around 10 pm for most of the bandpass spectrum, the absorption increases by about 20%.

0.9
0.8
c 07 ——1=1.59um
o
g 0.6 | =1.8um
g 0.5 ——1=2.02um
0.4 ——1=2.23um
0.3
0.2
6 7 8 9 10 11 12 13

wavelength[um]

Figure 14. Absorption of the TMOS transistor with additional SiN layer with a thickness of 0.1 um
for various locations (L) as a function of the wavelength.

6. Summary

The goal of this study was to provide physical insight and an intuitive approach
to the layers and mechanisms that play primary roles regarding 3D, vacuum-packaged,
nano-machined TMOS electromagnetic absorption.
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The main parameters that determine the overall absorption efficiency of the vacuum-
packaged TMOS sensor are (i) the transmission of the optical window and (ii) the absorption
of the released TMOS sensor, which should be as high as possible. The latter is significantly
increased by the impedance matching layer (a dielectric-coated Salisbury sheet) [27-29].

As can be seen in Figure 15, the degrading effect of the oxide, which is part of the
optical window, upon the transmission of the electromagnetic radiation in the bandpass
of interest (>5 um) is clearly observed. The average transmission is ~55% while at the
resonance wavelengths (around 9.3 um) it is significantly reduced. By integrating an antire-
flection (AR) coating on the optical window, its transmission may be significantly increased.

0.6

0.55 Do

0.5
0.45 ——0.1[um]

0.4 = 0.15[um]

Transmission

0.35 0.22[um]

0.3

0.25
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

wavelength [um]

Figure 15. The effect of the thickness of the oxide on the transmission of the optical window. The
simulation is achieved with PSA averaging and 6 = 0.6 (THz).

The absorption of the TMOS sensor may be optimized with the LUMERICAL simula-
tions. By optimizing the thickness of the impedance matching layer of a thin TiN layer and its
location along the upper inter-level dielectric of the TMOS, a significant absorption of 90%
may be achieved. Adding more than one impedance matching layer may also enhance
absorption [27] (chapter 9). Physical insight may be gained by applying transmission lines
modeling and Smith chart modeling, but this is beyond the scope of this paper [27-29].

Moreover, the properties of thin layers are different from the bulk materials and
depend on the deposition technology. Appendix C reports the values used in this study.
Better simulations may be achieved if the actual TMOS main dielectric layers and refractive
index are measured. The values of n(A) and k(A) play a role in determining the exact values
of absorption. For example, the refractive index for the main TMOS material SiO; used in
the simulation can be seen in Figure 16.
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Figure 16. The refractive index of SiO, as a function of the TMOS bandpass wavelength where (n) is
the real part and (k) is the imaginary part.
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In summary, the LUMERICAL software package is an excellent tool; however, like
all software, it requires understanding of the limitations of the tool and the underlying
approximation of results. A designer that is also an expert in transmission line theory and
Smith charts may achieve very high absorption of the order of 90% within the bandpass
of interest.
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Appendix A. Impedance Matching Layer: Wave Absorption with a Salisbury Sheet

It is well established that if a sheet with a thin layer of 377 (2/0 (ohm per square),
known as a Salisbury sheet [26], is placed at A/4 in front of a perfectly conducting sheet,
the incident wave in air will be completely absorbed in the sheet and dissipated as heat,
without any reflection, as shown in Figure Al.

incident
radiation R~0

resistive film R~377Q0)

n4

mirror R ~1

% %

Figure A1. Ideal optical cavity based on Salisbury screen.

The 377 (3/0 (ohm per square) is the intrinsic impedance of air or vacuum and the
sheet of resistive film (the Salisbury Sheet) is known as “impedance matching layer”.

In this arrangement, the impedance presented to the incident wave at the sheet is
the impedance of the sheet backed by an infinite impedance, since at A/4 the perfectly
conducting layer at the bottom is transformed to an infinite impedance. As a result, the
incident wave is totally absorbed; however, there is a standing wave and energy circulation
between the resistive and conducting sheets and this energy is dissipated as heat in the
resistive sheet.

Appendix B. Modeling the Ideal Optical Cavity with Transmission Lines

The easiest way to model the ideal optical cavity is by using transmission line theory.
Optical waves travel through space as through an infinite transmission line. A pixel with
an electrical impedance Z can be modeled as a parallel load between two halves of this line
(see Figure A2). The refection coefficient is given by:

_ Zo—(Z]|Z0)

r=2=0"\21=0/
Zo + (Z|[20)

(A1)
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References

For Z = Z the reflection is 1/3.

Zo Zy

Figure A2. Schematic model of transmission line with pixel with impedance Z. (note Z, is the
impedance of the air or vacuum).

To maximize absorption, we need to minimize reflection. This is achieved with A/4
optical cavity. We can achieve a perfect matching by using a “A/4 transformer” terminated
by a perfect conductor (Z1, = 0), which transforms the impedance seen by the waves to an
infinite impedance, in parallel to the impedance of the pixel (see Figure A3).
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Figure A3. Schematic model of transmission line with pixel with impedance Z and A/4 transformer
for perfect matching.

Accordingly, the reflection coefficient is:

_ L= (Z||Zy) _ Zy—(Z||o)  Zo-Z
Zo+(Z||Zo)  Zo+(Z]lee)  Zo+Z

(A2)

Hence, if Z = Z,, the reflection is canceled. Since both, the optical cavity and the
reflector, do not absorb energy, all the energy is absorbed by the pixel—the only dissipa-
tive element.

Appendix C. Optical and Material Parameters of the Main Layers Used in the
Simulations

Table A1l. Refractive index of TiN, SiN, and SiO; at A = 9.5 pm.

Material N K
TiN 8.5 16.4
SiN 1.56 0.71
SiO, 2.7 1.71

Note: It is well known that the physical properties of thin layers are different from the properties of bulk materials
and depend on the deposition technology.
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Abstract: The development of fan-out packaging technology for fine-pitch and high-pin-count
applications is a hot topic in semiconductor research. To reduce the package footprint and improve
system performance, many applications have adopted packaging-on-packaging (PoP) architecture.
Given its inherent characteristics, glass is a good material for high-speed transmission applications.
Therefore, this study proposes a fan-out wafer-level packaging (FO-WLP) with glass substrate-type
PoP. The reliability life of the proposed FO-WLP was evaluated under thermal cycling conditions
through finite element simulations and empirical calculations. Considering the simulation processing
time and consistency with the experimentally obtained mean time to failure (MTTF) of the packaging,
both two- and three-dimensional finite element models were developed with appropriate mechanical
theories, and were verified to have similar MTTFs. Next, the FO-WLP structure was optimized by
simulating various design parameters. The coefficient of thermal expansion of the glass substrate
exerted the strongest effect on the reliability life under thermal cycling loading. In addition, the
upper and lower pad thicknesses and the buffer layer thickness significantly affected the reliability
life of both the FO-WLP and the FO-WLP-type PoP.

Keywords: fan-out wafer-level package; finite element; glass substrate; reliability life;
packaging-on-packaging

1. Introduction

As electronics technology progresses, 3D integrated systems are becoming increas-
ingly important in the realization of lightweight devices with higher performance and
better miniaturization. These systems not only effectively reduce the package footprint and
weight, but also improve system performance by reducing the system circuit communica-
tion length. The fan-out package structure has good electrical and thermal performance and
is used in many applications for system integration. Moreover, packaging-on-packaging
(PoP) technology allows packages to be stacked three-dimensionally, thus achieving high-
density integration and improving chip-to-chip performance (e.g., in applications with
high-frequency data exchange between application processes and memory) [1-3].

Glass is an insulating material, and hence its electrical characteristics are more favor-
able than those of silicon. In addition, the thickness of a glass substrate can be modified
without additional thinning and polishing processes, and through glass via (TGV) tech-
nology does not require an additional barrier layer, greatly reducing the production cost.
Moreover, the coefficient of thermal expansion (CTE) of glass can be optimized to reduce
warpage [4,5] and improve the reliability life of stacked fan-out wafer-level packaging
(FO-WLP). Hence, a fan-out structure with a glass substrate is favorable for high-frequency
applications [4,6]. However, before mass production, packaging must pass reliability life
testing under thermal cycling loading; in the JEDEC(Joint Electron Device Engineering
Council) standard (JESD22-A104D), the thermal range is —40 to 125 °C. Finite element
analysis is widely used to optimize package structures [7-12]. In this study, we proposed
an FO-WLP with a glass substrate architecture and used it as a PoP. We fabricated FO-WLP
test samples, subjected them to onboard thermal cycling testing (OBTCT), and verified
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the results against those of the finite element models described below. In the fabricated
FO-WLP structure, the corner solder joint is the critical failure point because during heating
and cooling, stress and strain accumulate in these joints due to mismatches in the CTE of
the package and the printed circuit board (PCB), eventually leading to failure.

We further established two-dimensional (2D) and three-dimensional (3D) models
and verified their consistency in terms of the mean-time-to-failure (MTTF). To reduce
computing time, the 2D model was used to optimize the reliability life by varying the
upper and lower pad diameters, the CTE of the glass substrate, and the thickness of the
buffer layer. Parametric studies revealed that the reliability life of the optimized FO-WLP
and PoP exceeds 1000 cycles, satisfying JEDEC condition G.

2. Materials and Methods
2.1. Shape Prediction of the Reflowed Solder Joint

The geometry profile of the solder joints strongly affects the reliability life of a package.
Therefore, before analyzing the reliability of the solder joints, the shape of the solder balls
must be accurately described. In this study, Surface Evolver [13-15] software based on the
energy method was used to describe and predict the solder joint shape.

When a liquid reaches static equilibrium, its total energy tends to be the lowest and
its surface area the smallest. The energy of a liquid mainly comprises surface tension
energy, gravitational energy, and external energy. From the total energy (Equation (1)), the
restoring force in the direction of gravity can be calculated, and the shape and height of the
solder ball can be estimated:

N

SEtota =T [ (divﬁ - Z.Dﬁ-ﬁ) dA+pg [ (div;?) - curl<; x g k> dA—p|[ n-dA )
S S S

If Equation (1) is differentiated once, the restoring force of the solder ball can be
expressed as follows:

F— aEtoml - aEsurface tension T aEgmvity + aEexternal force (2)
" oH oH

where E,;,; is the total energy related to the height of the solder ball H, T; is the surface
tension of the solder ball, P is the pressure caused by the external force, A is the surface
area of a single element on the solder ball surface, z is the height of the solder ball of a

N

single element surface parallel to the direction of gravity, k represents the unit vector in the

direction of gravity, 1 is the unit vector along the positive direction of the element surface,
F, is the restoring force, p is the density of the solder ball, g is the acceleration due to gravity,

and V is the volume of the solder ball. Furthermore, & is the perturbation equation:

B = [(ztop — 2)/ (210p — Zuse — H)] 3)

where z¢,p and zp,,, respectively, represent the upper and lower boundary conditions of
the solder ball (Figure 1). By applying a slight upward or downward interference on the
pad, the restoring force of the solder ball in the direction of gravity can be determined.
When the restoring force of the solder ball equals the gravity exerted on the solder ball, the
molten solder ball achieves static equilibrium. Then, the height and geometry of the solder
ball under static equilibrium can be determined.
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Figure 1. Geometry of the solder joints in the reflow process.

2.2. Life Prediction of the Solder Joints

In electronic packages subjected to accelerated thermal cycling tests, CTE mismatch
between the package and the PCB can cause excessive stress and strain to accumulate in the
solder joint with the largest distance from the neutral point (DNP); this may cause the first
failure of the packaging. The Coffin-Manson strain-based empirical model is widely used
to estimate the fatigue life of solder joints, and the empirical equation [16-18] is as follows:

Nf=C (sﬁ_,”q)_’7 4)

where N is the mean time to failure (MTTF), and C and 7 are material constants, usually
obtained experimentally. In our model and for SAC305 solder material, these are 0.235 and
1.75, respectively [10-12]. The incremental equivalent inelastic strain in each temperature

cycle, sfg’,;, is defined as follows: 1

[ (st - Aeiy”)z 4 (s Asizn>2 + (nein - Aggy)Z + g(mi’? + Ay + Avi?cz)] 7 ®

where Ag'", Asiy", Agim, A’yi”y, A’y;’;, and Ay are the incremental inelastic strains in the
x, y, and z directions and the incremental inelastic shear strain in the xy, yz, and zx
directions, respectively.

In this study, we used finite element simulation and the Coffin-Mason empirical

model to evaluate the reliability life of the solder joint with the largest DNP.

3. Test Vehicle Structure and Thermal Cycling
3.1. Structure of the Test Vehicle

The target stackable FO-WLP was a cavity-down chip mounted on a glass interposer
using TGV and redistribution lines. These chips can be stacked and molded to form PoP-
type packaging using through molding via (TMV). The test vehicle [19] was a simplified
FO-WLP (a 10 mm x 10 mm x 0.1 mm chip) assembled on a glass substrate of size
14 mm X 14 mm x 0.1 mm using a die attach film (Nitto, EM700). The chip and substrate
were covered by a molding compound of size 14 mm X 14 mm X 0.2 mm to form the
package. Next, the package was subjected to mechanical debonding (Figure 2). The
underside of the glass substrate contained 432 solder joints arranged in a peripheral layout
and connected in series. The diameter and pitch of the solder ball were 250 mm and
400 pum, respectively. The test board dimensions were 77 mm X 132 mm, following the
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(a)

JEDEC (JESD22-B111) design rule. The dimensions of all of the components are listed in
Table 1. In the test board, a daisy-chain structure was used to check the electrical resistance
of the chained solder joints (Figure 3). The test vehicle was deemed to have failed if its
daisy-chain resistance was infinite.

Die Attach Film

Molding Compound

(b)

Figure 2. (a) Fan-out wafer-level package (FO-WLP) after debonding; (b) schematic of the fabricated FO-WLP onboard.

Table 1. Dimensions of the components in a fan-out wafer-level package (FO-WLP).

Component Size (mm)
Glass substrate 14 x 14 x 0.10
Chip 10 x 10 x 0.10
Molding compound 0.19
Die attach film 10 x 10 x 0.01
Printed circuit board 77 x 132 x 1
Lower pad 0.24 x 0.02
Upper pad 0.25 x 0.002
Stress buffer layer (SBL; polyimide) 0.005
Through glass via 0.025 x 0.1
Solder ball diameter 0.25
Solder ball pitch 0.4

lass interposer
SBL
Solder Ball

Figure 3. Schematic of the daisy chain. PCB, printed circuit board; SBL, stress buffer layer.

3.2. Thermal Cycling and Weibull Distribution

For reliability testing, we subjected 16 test vehicles to onboard thermal cycling. The
test conditions follow the JEDEC standard (condition G): temperature range, —40 to 125 °C;
ramp rate, 16.5 °C/min; dwell time, 10 min. The Weibull distribution of the test results
(Figure 4) revealed that the mean time to failure was 249 cycles when the cumulative failure
percentage equaled 63.2%. Moreover, all 16 samples failed at the top of the outermost
solder joint.
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Figure 4. Weibull distribution of the glass interposer fan-out package.

4. Finite Element Analysis of FO-WLP

We established a 2D diagonal semi-symmetric plane strain model and a 3D quarter
model to study the thermomechanical behavior of the solder joints in the FO-WLP structure.
As the 2D model had fewer nodes than the 3D model, it required less simulation time.
However, because plane strain was assumed in the 2D model, it cannot truly represent the
actual state of the test vehicle (e.g., the semi-spherical nature of the solder ball). Therefore,
a 3D model closer in geometry to the actual vehicle was established to verify the robustness
of the 2D model.

After verifying the finite element simulations against the experimental results, we
added a TMV component to the FO-WLP structure to make it stackable. The stacked
PoP architecture was evaluated by simulation under the JEDEC standard (condition G)
testing condition.

4.1. Material Parameters

The test vehicle was composed of an Si chip, a die attach film, a glass substrate, a
stress buffer layer (SBL), copper, SAC305 solder balls, a PCB, and a molding compound.
We used three types of glass substrates whose CTE ranged from 3.17 to 9.8 ppm/°C and
whose modulus ranged from 64 to 74 GPa, with little difference in Poisson’s ratio. The
material parameters are listed in Table 2. The temperature-dependent characteristics of
all of the materials were linear, except for the SAC305 solder balls. Figure 5 shows the
stress—strain curve of the solder balls at different temperatures [20].

Table 2. Summary of the material properties of the components in the FO-WLP. CTE, coefficient of
thermal expansion.

Material Young's Modulus (GPa) Poisson’s Ratio CTE (ppm/°C)
Silicon 150 0.28 2.62
Stress buffer layer 2 0.33 55
Copper 68.9 0.34 16.7
SAC305 solder Nonlinear/creep 0.4 22.36
Die attach film 1.66 0.26 17
Glass A 73.6 0.23 3.17
Glass B 71.7 0.21 8.37
Glass C 74 0.23 9.8
Printed circuit board 18.2 0.19 16
Molding compound 8.96 0.35 15
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Figure 5. Stress—strain curves of Sn—-3Ag-0.5Cu solder balls at different temperatures.

To model the creep behavior [7] of the solder balls, we adopted the Garofalo—Arrhenius
hyperbolic sine model (Equation (6)), which has been widely used to simulate the thermal
cycle load of solder joints:

de _ . n -Q
i A(sznh(Ba) exp(RT)) (6)

where ¢ is the strain, ¢ is the stress, A and B are the material constants, R is the gas constant,
T is the absolute temperature, Q is the activation energy, and 7 is the stress index. Table 3
lists the values of these constants as used in this study [13].

Table 3. Constants in the creep equation [13].

Material A (1/s) B (1/MPa) n Q (J/mol)
Value 2631 0.0425 4.96 52,400

4.2. 2D Plane Strain Model

For the finite element analysis of the 2D model, we assumed plane strain and used
PLANE42 and PLANE182 (ANSYS, 2020R2). Surface Evolver was used to define the shape
of the solder joints. Figure 6 depicts the top view of the test vehicle, where the solder
joints located in the periphery array format are marked in white. The finite element model
was a 2D half model built along the diagonal of the test vehicle (Figure 7). Its position
is the yellow line in Figure 6. Figure 8 illustrates the finite element model of the stacked
FO-WLP (PoP) structure. The upper and lower stacks of the package were connected
through soldering and TMV. The TMV was 0.25 mm in diameter and located atop the
solder balls.
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Figure 6. Top view of the test vehicle.
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Figure 7. Two-dimensional (2D) finite element model of the FO-WLP.

Figure 8. 2D finite element model of the stacked FO-WLP (i.e., packaging-on-packaging (PoP)).
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4.3. 3D Quarter Symmetry Model

Unlike a 3D finite element model, a 2D plane strain model cannot accurately represent
semi-spherical-type features. However, a 3D model with a fine mesh contains a large num-
ber of elements and necessitates excessive simulation computing time, making parametric
study infeasible. Two approaches can be used to overcome these drawbacks. The first is to
build a 3D model to verify the 2D plane strain model, which can then be used to evaluate
the packaging structure, and the second is to reduce the number of elements in the 3D
model. In this work, we used multipoint constraint (MPC) technology to significantly
reduce the number of elements. Panels (a) and (c) in Figure 9 illustrate 1/4 models of a
simple WLP with full fine meshes, and panels (b) and (d) illustrate their MPC-reduced
counterparts. This simple 1/4 WLP model will not take too much simulation time and
was selected in this research to verify that the MPC model can obtain stress/strain results
similar to the full fine mesh model.

ANSYS|

ocT 21 2019

20155121

(b) (c) (d)

Figure 9. Three-dimensional (3D) finite element model: (a) Full fine-mesh model; (b) multipoint constraint (MPC) model;

(c) cross-section view of the full fine-mesh model; (d) cross-section view of the MPC model.

ELEMENTS
MAT NUM

After verifying the MPC model against the full model, the MPC model was used to
simulate the test vehicle and the stacked PoP architecture. Figure 10 shows the 3D quarter
symmetry finite element model.

ELEMENTS
MAT NUM

(a) (b)
Figure 10. Three-dimensional MPC-reduced finite element models for the (a) FO-WLP and (b) FO-WLP PoP.
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inelastic strain distribution.

5. Results and Discussion
5.1. 2D Diagonal Plane Strain Model

After OBTCT, we inspected the failed test vehicle and found that the crack was located
atop the solder joint with the largest DNP. Consistent with the experiment wherein we
used glass substrate A, the simulation also showed that the maximum equivalent inelastic
strain/stress was atop the outermost solder joint (Figure 11). In addition, the 248 life
cycles simulated by Equation (4) are in good agreement with the experiment results of
249 mean cycles to failure (Figure 4). Thus, the failure prediction of the 2D model is in
good agreement with the experiment data.

ANSYS 2019 R3
Build 19.5
FEB 25 2021
19:20:57

AVG ELEMENT SOLUTION
STEP=3040

SUB =1
TIME=19200
NLEPEQ  (AVG)
DMX =.006491
SMN =.026821
SMX =.059449

w =1
*DIST=.166705
*XF =1.69685
*YF =.088504
Z-BUFFER
026821
.030446
.034072
.037697
041322
.044948
.048573
.052199
.055824
059449

H0C0RDEEN

(b)

Figure 11. Failure point of solder joint after onboard thermal cycling testing (OBTCT): (a) Cross-section view; (b) equivalent

Next, we conducted a parametric study to optimize the reliability life under different
combinations of upper and lower pad diameters. As evident in Figure 12, an upper pad
larger than a lower pad resulted in better reliability. The Young’s modulus of silicon
material is stronger than that of PCB, so a larger upper pad size is required to reduce the
equivalent inelastic strain. A lower strain can have better reliability life, and the strain of the
solder ball is related to the pad size, contact angle, and standoff height of the solder ball. In
the simulation, when the upper pad diameter was 250 um and the lower pad diameter was
180 pm, the best reliability life cycles could be achieved. That is, the pad on the interposer
side should be larger than that on the PCB side. The optimal reliability life of 368 cycles
was achieved at an upper pad/lower pad diameters ratio of approximately 1:0.72.
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Figure 12. Simulated reliability life under different combinations of pad thicknesses.
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To meet condition G of the JEDEC standard, the thermal cycling life of the product
must exceed 1000 cycles. To meet this standard with the optimized pad combination (upper
pad 250 um and lower pad 180 um), we further optimized the SBL thickness and CTE of
the glass substrate (Figure 13). Specifically, we simulated SBL thicknesses of 5, 10, and
20 pm and both substrate glasses A and B. Glasses A and B differ little in terms of Poisson’s
ratio, but differ substantially in CTE (3.17 and 8.37 ppm/°C, respectively). Under the
same conditions, the reliability life was higher for glass B than for glass A by 600 cycles on
average, meaning that the reliability life is most sensitive to glass CTE. Moreover, a thicker
SBL reduced solder stress/strain and thus favorably affected the thermal cycling reliability.
Overall, the reliability life improved from 248 cycles to 1432 cycles with the following
optimized combination: upper pad diameter, 250 um; lower pad diameter, 180 um; SBL
thickness, 20 um; glass CTE, 8.35 ppm/°C.

1600
1400 1432

1200 T194

1000
913
800 J— T ~®= Glass CTE 3.17 ppm/°C

— T Glass CTE 8.35 ppm/°C

400 —ICs
200

Life Cycles

SBL thickness 5 um SBL thickness 10 um SBL thickness 20 um

Figure 13. Simulated reliability life for stress buffer layers of different thicknesses.

5.2. 3D Quarter Symmetry Model

The 3D FO-WLP PoP simulation model is much larger than the nonstacked FO-WLP,
which makes 2D simulation the only feasible option for the parametric study of a stacked
FO-WLP. To verify whether a 2D model can be applied to stacked packaging, a 3D model
must first be established. To reduce the computing time, the number of elements and
nodes must be decreased. First, we established a small WLP model (four solder balls per
quarter model; Figure 9) both as a full fine-mesh model (86,656 elements; Figure 9a) and
an MPC model (32,648 elements; Figure 9b). The corresponding computing times were
5h 43 min and 2 h 13 min. We applied the same thermal loading as in the earlier analyses
(—40 to 125 °C). Strain was found to be concentrated in a corner of the ball and the upper
edge (Figure 14). After one to three thermal cycles, the strain increment in the two models
differed by less than 1% (Figure 15). These simulation results demonstrate the feasibility of
applying the MPC approach to simulate FO-WLP PoP with 112 solder balls per quarter
model, as shown in Figure 10.

Next, we applied the design optimized in Section 5.1 (upper pad diameter, 250 um;
lower pad diameter, 180 pm; SBL thickness, 20 um; glass CTE, 8.35 ppm/°C) to the 3D
quarter symmetry model. Figure 16 shows the equivalent inelastic strain distribution in the
FO-WLP. Strain accumulated in the solder ball with the maximum DNP, and the cycling
life predicted by the 3D model differed from the 2D model prediction by only 1.3%.
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Figure 14. Equivalent inelastic strain distribution: (a) Full fine-mesh model; (b) MPC model; (¢) maximum strain in the full
model (top view); (d) maximum strain in the MPC model (top view).
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Figure 15. Strain increment in the full and MPC models.
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Figure 16. Equivalent inelastic strain distribution of the FO-WLP: (a) All solder joints; (b) location of the maximum strain;
(c) top view of the bottom solder joint with the maximum distance from the neutral point (DNP); (d) bottom view of the
solder joint with the maximum DNP.

We repeated the above simulation for the FO-WLP PoP structure. Again, we found
that strain concentrated in the bottom layer of the solder ball with the maximum DNP,
replicating the trend of failure at a corner location. Moreover, the maximum strain was in
the upper pad (Figure 17). The upper and lower parts of the solder balls in the bottom layer
were connected to the glass substrate and the PCB, respectively. Therefore, these solder
balls could withstand greater stress than could solder balls in the upper layer. However,
this double-layer structure reduced the cycling life to 974 cycles. In the PoP structure, the
percentage of glass in this package increased; therefore, the equivalent inelastic strain due
to CTE mismatch also increased, and a higher strain may lead to earlier failure.
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Figure 17. Equivalent inelastic strain distribution in FO-WLP PoP: (a) All solder joints; (b) location of the maximum strain;
(c) top view of the solder joint with the maximum DNP; (d) bottom view of the solder joint with the maximum DNP.
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Herein, the 2D and 3D models exhibited good consistency, with only 5% difference
in reliability life. Therefore, we used the verified 2D models in the parametric analysis to
optimize the design parameters in order to extend the reliability life of the FO-WLP PoP
structure to more than 1000 cycles.

5.3. Parametric Analysis of FO-WLP PoP Structure Using the 2D Plane Strain Finite
Element Model

In addition to the already optimized pad combination, three design parameters were
considered in our parametric study: SBL thickness, chip thickness, and CTE of the glass
substrate. In this parametric analysis, SBL thicknesses of 20, 25, and 30 pum, chip thicknesses
of 90, 100, and 150 um, and glass substrate CTEs of 8.35 and 9.8 ppm/°C were evaluated,
yielding 16 combinations (Table 4). SBLs thicker than 30 um were not evaluated due to
the manufacturing difficulty. The results showed that the thicker the SBL, the higher the
reliability and the higher the released stress/strain concentration. Furthermore, a lower
chip thickness yielded a higher molding compound volume, which in turn increased the
CTE of the whole package and thus narrowed the CTE mismatch between the package and
PCB. Most importantly, glass CTE was found to have the strongest decreasing effect on the
CTE mismatch between the glass substrate and the PCB. In summary, the reliability life of
FO-WLP PoP can be increased by optimizing the SBL thickness and glass CTE (Figure 18).
Of the 16 simulated combinations, combination 13—SBL thickness, 30 um; chip thickness,
90 um; glass substrate CTE, 9.8 ppm/°C—yielded the longest life cycle of 1427 cycles
(Table 4).

Life cycles Life cycles
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1136 1200 131 1105 1400 1352
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Figure 18. Life predictions of the FO-WLP PoP under different (a) SBL thicknesses, (b) chip thicknesses, and (c) CTEs.
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Table 4. Combination of the design parameters in the parametric analysis of the FO-WLP PoP.

Item SBL Thickness (um) Chip Thickness (um) CTE (ppm/°C) Life
20 25 30 90 100 150 8.35 9.8 Prediction
1 \Y% \Y% % 1002
2 M \ \% 1352
3 v \% \Y 976
4 v v \ 1337
5 v \ \% 923
6 v \ \ 1301
7 % \Y% % 1131
8 \Y% \Y \Y% 1398
9 \% \% \Y% 1105
10 \Y% \Y% \% 1241
11 \% \Y \Y 987
12 \Y% \Y% \Y% 1156
13 \Y% \Y% \Y% 1427
14 \Y% \% \Y% 1129
15 \Y% \% \% 1410
16 \Y% \Y% \Y% 998

6. Conclusions

The simulation of 3D models is infeasible because of the high processing power
and time requirements. In this study, to optimize the reliability life of FO-WLP and FO-
WLP-type PoP under thermal cycling loading, 2D and 3D MPC technique finite element
simulation models were established and experimentally verified to have similar accuracy.
The reliability life of the verified 2D models was then optimized through parametric
analysis. The CTE of the glass substrate was found to exert the strongest effect on reliability
life. In addition, the upper and lower pad diameters and buffer layer thickness significantly
affected the reliability life of the FO-WLP and FO-WLP-type PoP. Specifically, the reliability
life of the solder joints was highest when the upper pad was larger than the lower pad
(1:0.72). Moreover, a thicker buffer layer released a greater stress/strain concentration and
thus positively affected the reliability life. However, SBLs thicker than 30 um were not
evaluated in this study due to the manufacturing difficulty.
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Abstract: Integrated devices incorporating MEMS (microelectromechanical systems) with IC (inte-
grated circuit) components have been becoming increasingly important in the era of IoT (Internet of
Things). In this study, a hybrid fuzzy MCDM (multi-criteria decision making) model was proposed to
effectively evaluate alternative technologies that incorporate MEMS with IC components. This model,
composed of the fuzzy AHP (analytic hierarchy process) and fuzzy VIKOR (VIseKriterijumska
Optimizacija I Kompromisno Resenje) methods, solves the decision problem of how best to rank
MEMS and IC integration technologies in a fuzzy environment. The six important criteria and
the major five alternative technologies associated with our research themes were explored through
literature review and expert investigations. The priority weights of criteria were derived using fuzzy
AHP. After that, fuzzy VIKOR was deployed to rank alternatives. The empirical results show that
development schedule and manufacturing capability are the two most important criteria and 3D
(three-dimensional) SiP (system-in-package) and monolithic SoC (system-on-chip) are the top two
favored technologies. The proposed fuzzy decision model could serve as a reference for the future
strategic evaluation and selection of MEMS and IC integration technologies.

Keywords: technology evaluation; MEMS and IC integration; MCDM,; fuzzy AHP; fuzzy VIKOR

1. Introduction

The rapid development of IoT (Internet of Things) provides great opportunities for
disruptive innovations [1]. It is a remarkable fact that MEMS (microelectromechanical
systems) transducers are the key enablers of IoT [2], because loT requires a variety of input
quantities that are sensed from external environments. MEMS devices act as transducers
that measure or control physical, optical, or chemical quantities, such as acceleration,
radiation, or fluids [3]. A typical configuration of an accelerometer sensor system in
an airbag system is shown in Figure 1 [4]. The MEMS device interacts with the signal
conditioning ICs to produce the amplified signal that fires the ignitor if the deceleration is
high enough.

To enable MEMS sensors to function well, the electrical interfaces with the outside
world need to be realized through ICs (integrated circuits) that provide electronic systems
with operating intelligence [5]. ICs can definitely provide signal conditioning functions,
such as analog-to-digital conversion, amplification, filtering, data processing, and commu-
nication between MEMS sensors and the outside world [6].

Until now, several viable technologies for incorporating MEMS with IC components
have been either developed or are under development, but an appropriate decision making
model for global semiconductor industry remains an open question. In this study, a hybrid
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fuzzy MCDM (multi-criteria decision making) model was proposed to facilitate the evalu-
ation and selection of MEMS and IC integration technologies. This model, composed of
fuzzy AHP (analytic hierarchy process) and fuzzy VIKOR (VIseKriterijumska Optimizacija
I Kompromisno Resenje) methods, solves the decision problem of how best to rank MEMS
and IC integration technologies in a fuzzy environment.

mput mnput
! MEMS :
Sudden | lerat Signal ! S o
deceleration accelerator conditioning | Cignitor
: package !
[ i
\ U

_______________________________________

Figure 1. Accelerometer sensor system in an airbag system [4]. MEMS, microelectromechanical systems.

2. Literature Review

In this section, the literature associated with our research themes was reviewed.

2.1. Technology Assessment Using MCDM

In the recent decade, MCDM methods have developed rapidly and have evolved to
accommodate various types of applications [7]. For example, Van de Kaa, Rezaei, Kamp,
and de Winter [8] applied both crisp AHP and fuzzy AHP methods to a standardization
problem for photovoltaic technological systems. Vinodh, Nagaraj, and Girubha [9]
used the fuzzy VIKOR method for evaluating rapid prototyping technologies in an
agile environment. Liu, You, Lu, and Chen [10] proposed a novel hybrid MCDM
model for selection of healthcare waste treatment technologies. Bairagi, Dey, Sarkar,
and Sanyal [11] proposed a technique for TOPSIS-based (technique for order pref-
erence by similarity to ideal solution) fuzzy MCDM approach for selecting the best
robotic system. Lee and Chou [12] explored a technology selection process for evaluat-
ing 3DIC (three-dimensional integrated circuit) integration technologies. In addition,
Taylan, Alamoudi, Kabli, AlJifri, Ramzi, and Herrera-Viedma [13] integrated fuzzy AHP,
fuzzy VIKOR and TOPSIS methods to determine the most eligible energy systems for
investment. Salimi, Noori, Bonakdari, Masoompour Samakosh, Sharifi, Hassanvand,
Agharazi, and Gharabaghi [14] integrated fuzzy AHP and fuzzy VIKOR methods based
on group decision making to examine the role of mass media advertising types on im-
proving the water consumption behavior. In view of the associated literature mentioned
above, MCDM methods have demonstrated their importance as optimal candidates in
the decision making of emerging technologies.

2.2. Alternative Technologies

Several viable technologies for incorporating MEMS with IC components have been
either developed or are under development, and they can basically be divided into
two major solutions: (1) hybrid multi-chip solutions and (2) SoC (system-on-chip) so-
lutions [5]. Hybrid integration of MEMS and IC components has been dominated by
2D (two-dimensional) integration approaches in which each of MEMS and IC wafers are
fabricated independently [15]. These individual wafers are then separated into discrete
chips and finally integrated into MCMs (multi-chip modules) [16]. Another approach for
the hybrid integration of MEMS and IC components is SiP (system-in-package), which is
also known as vertically stacked MCMs [17,18]. In this case, discrete chips are attached
on top of each other and interconnected via wire bonding or flip-chip bonding [18-20].
Moreover, SoP (system-on-package) is another approach in which MEMS and IC chips are
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integrated with other technologies, enabling highly integrated and miniaturized systems
at package levels [21,22].

SoC solutions are characterized by incorporating MEMS with IC components on the
same wafers in which chip separation occurs only at or near the end of manufacturing
processes [5,23]. They can be categorized into two major approaches: (1) monolithic MEMS
and IC integration approaches in which MEMS and IC structures are manufactured alto-
gether on the same wafers [24] and (2) heterogeneous MEMS and IC integration approaches
in which MEMS and IC structures are premanufactured on discrete wafers and then merged
onto the same substrates via wafer bonding techniques [25]. Monolithic MEMS and IC
integration approaches can be further categorized into four techniques [26]: (1) monolithic
MEMS and IC integration using MEMS-first processing [27], (2) monolithic MEMS and
IC integration using interleaved MEMS and IC processing [28], (3) monolithic MEMS
and IC integration using MEMS-last processing via bulk micromachining of IC substrates
(also known as CMOS-MEMS (complementary metal-oxide-semiconductor) [29], and (4)
monolithic MEMS and IC integration using MEMS-last processing via layer deposition and
surface micromachining [30]. Another SoC solution based on heterogeneous MEMS and IC
integration approaches can be also categorized into two techniques [31]: (1) heterogeneous
MEMS and IC integration via formation during layer transfer and (2) heterogeneous MEMS
and IC integration via formation after layer transfer.

3. Research Methods
The methodologies of fuzzy AHP and fuzzy VIKOR methods are illustrated below.

3.1. Fuzzy AHP Method

The AHP method, developed by Saaty [32,33], has been criticized because a decision
problem can be structured in a hierarchical manner. However, AHP cannot effectively
reflect the ambiguity in human thinking style [34]. To solve this problem, fuzzy AHP was
thus proposed [35,36]. The procedure of fuzzy AHP is described in the following steps [12]:
Step 1 Define a problem.
Step 2 Determine important criteria.
Step 3 Establish a hierarchical structure.
Step 4 Determine linguistic variables.
Step 5 Construct fuzzy judgment matrices.

A fuzzy judgment matrix can be defined as follows:

A = [a)" @)

#=(1,1,1),Vi=j, anda = 1/a

Vi j=1,2...,n

where Ak is a fuzzy judgment matrix evaluated by expertk (k =1,2,--- ,K), Eﬁfj is fuzzy
assessment between criterion i and criterion j evaluated by expert k, and # is the number of
criteria at the same level.

Step 6 Check consistency.

If A is consistent, then A is accordingly consistent [37]. To verify whether A is suffi-
ciently consistent, the maximum eigenvalue Amax can be computed as follows:

AoW =W = Amaxo W @)

where A is a pairwise comparison matrix and W is a weight matrix.

1 /W, W} W/
A — (124, .. n
max = (Wl + W, + + W,Z) 3)
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Saaty [33] proposed a consistency index (CI) to check the consistency within pairwise
comparison matrices, as well as that of the entire hierarchy. The CI is formulated as follows:

Cl=(Amax—n)/(n—1) 4)

where 7 is the dimension of matrix A.
The consistency ratio (CR) is accordingly defined as follows:

CR = CI/RI ®)

where Rl is the random consistency index.
The pairwise comparison matrix A is considered consistent if the resulting ratio CR is
less than 0.1.

Step 7 Integrate experts’ opinions.

In order to integrate experts’ opinions, a fuzzy synthetic judgment matrix can be
obtained using the geometric mean technique [38] to compute fuzzy geometric means
of each criterion [39]. Then, fuzzy weights of each criterion can be computed using the
arithmetic mean technique as follows:

B=[by], vij ©)
~ ~ . o\ 1/K
by = (e oo o) @)
~ ~, ~\N1/n
= (Bele - ob)) ®)
G =T O DT )

where B is a fuzzy synthetic judgment matrix of total K experts, Eij is a geometric mean of
fuzzy assessment of total K experts, 7;; is a geometric mean of a row of the fuzzy synthetic

judgment matrix B, and @; is a fuzzy weight of the ith criterion.
Step 8 Defuzzify fuzzy weights.

Using the centroid defuzzification technique to locate BNP (best nonfuzzy perfor-
mance) values [12,40], fuzzy weights of criteria can be defuzzified as crisp values.

1
DFg, = BNPg, = 2 (Lg, + Mg, + Ug,) (10)

where L3, Mg, and Uy, represent the lower, middle, and upper values of the fuzzy weight
of the ith criterion.

3.2. Fuzzy VIKOR Method

The VIKOR method helps decision-makers to determine compromise solutions for a
problem and to rank and select from a set of alternatives over conflicting and incommensu-
rable criteria for reaching ideal/aspired levels [41]. In the past few decades, an extension
of VIKOR, namely fuzzy VIKOR, has been further combined with fuzzy set theory to
determine compromise solutions under the fuzzy environment where both criteria and
weights could be fuzzy sets [42,43]. The procedure of fuzzy VIKOR is described in the
following steps [44-46].

Step 1 Determine a group of experts.

Let A; (i =1,2,---,m) be abe a finite set of m alternatives that are to be evaluated by
hte kth expert (Ex, k =1,2,- -, K) with respect to a set of n criteria (C]- ,j=12---,n).

Step 2 Determine linguistic variables.
Step 3 Obtain fuzzy performance rating matrices.
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A typical fuzzy VIKOR questionnaire can be expressed in a matrix format as follows:

Xi = {fijk] (11)

mxn

where Xjj. is the fuzzy performance rating of alternative A; with respect to criterion C;
evaluated by expert Ey. X = (xf ik xZ?k, xl?‘]-k) is a linguistic variable denoted by a TFN
(triangular fuzzy number).

Step 4 Construct an aggregated fuzzy performance rating matrix.

An aggregated fuzzy performance rating D can be constructed with m alternatives
and 7 criteria as follows:

C, - G - C,
Ay X110 X1 ot X
D=Dy = = K N . 12
Y mxn Ai T e 1 A ( )
A, Tl 0 X o T

where X;; = (xf i xg‘, x:;) is the fuzzy performance rating of ith alternative with respect to

jth criterion, and
;1 & 1 & 1 &
Nj =% Y XXl = X Y xadt = X Y i (13)
k=1 k=1 k=1
Step 5 Determine the fuzzy best value and fuzzy worst value.

The fuzzy best value and the fuzzy worst value are determined as follows:

5(7_ = { (mlaxkvzj j€ B), (mlmflj
37; = {(miinfi]' j€ B), <mljaxfij

where X} is the fuzzy positive ideal solution (FPIS) and f; is the fuzzy negative ideal

j€C)‘Vj=1,2,~~,n} (14)

jeC)‘ijl,Z,---,n} (15)

solution (FNIS) for the jth criterion. B belongs to the benefit criteria and C belongs to the
cost criteria.

Step 6 Calculate utility and regret measures.

The VIKOR ranking indicates that the preferred alternative is proximate to the ideal
solution, starting from the LP-metric used as an aggregating function in a compromise
programming method as follows:

A<p<Loe0i=12,---,m (16)

In the VIKOR method, Lf “as S~, and Lf:w as Ki are used to formulate the ranking
measure as follows:

ol (55]*75@]») .
Si= ) [wri| = Y| @0~ | i= 12 m (17)
=1 =1 (xj —x].)
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M =12, ,m (18)
(5 %)

where S~i and ﬁi represent the utility measure and the regret measure, respectively; §i is
shown as the average gap for achieving the aspired level; R; is shown as the maximal gap
for improving the priority; S; refers to the separation measure of A; from the positive-ideal
solution; ﬁi is the separation measure of A; from the negative-ideal solution; and @j are
the fuzzy weights of criteria.

R; = max|@;7;;| = max|w;
) ]

Step 7 Compute index value.

To obtain the ranking results, the index value Q; is computed as follows:

o (5

Q= vm -, m (19)

+(1-0)

where B L o _ _
ST =minS;; S~ = maxS;, R" = minR;; R~ = maxR; (20)
1 1 1 1

The indices S+ and R* are related to a maximum group utility (majority rule) and a min-
imum individual regret of an opponent strategy, respectively. The parameter v € [0,1] is de-
fined as the weight for the decision-making strategy of maximum group utility, whereas (1 — v)
is defined as the weight for the decision-making strategy of minimum individual regret.

Step 10 Defuzzify TENs

Using the centroid defuzzification technique to locate BNP values [12,40], the TFNs
S = (Sf,S;”,S}‘), R; = (Rf,R;”,RZ?‘), and Q; = (Qﬁ, ", Q;‘) can be defuzzified as the
crisp values S;, R;, and Q;, respectively.

5i2 §(st+sm+st)
R =1 (R§ + R4 Ry) 1)
Q= i(Ql+Qr+Q)

Step 11 Rank alternatives.

An index Q; represents the separation measure of alternative A; from a positive-ideal
solution. The smaller the value of Q;, the better the alternative.

Step 12 Derive a compromise solution.

A solution with a minimum Q; value in the ranking list is considered the optimal
compromise one, if the following two conditions are satisfied:

Condition 1 Acceptable advantage

An alternative A1) has an acceptable advantage if (Q (A(2>) — Q (A(l))> /
(Q(A(”)) - @(A(1)>) > 1/(n —1), where A is the best ranked alternative and A(?)

is the alternative with second position in the ranking list by the measure Q. 7 is the number
of alternatives.

Condition 2 Acceptable stability

An alternative A() must also be the best ranked by S or/and R. The compromise
solution is stable within a decision-making process, which could be with “voting by
majority rule” (when v > 0.5 is needed), with “consensus” (when v = 0.5), or with “veto”
(when v < 0.5).
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4. Numerical Analysis

In this section, an empirical work is definitely conducted and illustrated step-by-step
according to the proposed hybrid fuzzy decision model.

Step 1 Establish the hierarchical model.

This study explored the six important criteria and concluded on the major five alterna-
tive technologies associated with our research themes through literature review and expert
investigations. The hierarchical model was thus established as shown in Figure 2.

Goal Criteria Alternatives

(C1) Physical dimension

(A1) 2D MCM
(C2) Power consumption
(A2) 3D SiP
(C3) Signaling length
— (A3) 3D SoP

(C4) Development schedule

(A4) Monolithic SoC

(C5) Cost competitiveness

Evaluation of MEMS and IC integration

1 (AS5) Heterogeneous SoC

(C6) Manufacturing capability

Figure 2. The hierarchical model for evaluating MEMS and IC (integrated circuit) integration technologies. MCM, multi-chip
module; SiP, system-in-package; SoP, system-on-package; SoC, system-on-chip.

Step 2 Derive the fuzzy preference weights of the criteria.
(1) Design a questionnaire for the data collection.

A typical AHP questionnaire used a nine-point rating scale (see Table 1) to represent
the relative importance of each criterion.

Table 1. Linguistic variables and corresponding TFNs (triangular fuzzy numbers).

TFNs Linguistic Variables Scale of TFNs
9 Extremely more important (8,9,10)
8 Intermediate (7,8,9)
7 Very strongly more important 6,7,8)
6 Intermediate (5,6,7)
5 Strongly more important 4,5,6)
4 Intermediate (3,4,5)
3 Moderately more important (2,3,4)
2 Intermediate 1,2,3)
1 Equally important 1,1,1

(2) Generate the fuzzy judgment matrices.
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The fuzzy judgment matrices for the criteria from twelve experts were generated by
Equation (1). Table 2 shows an individual fuzzy judgment matrix of expert 1.

Table 2. Individual fuzzy judgment matrix of expert 1.

Criteria C1 C2 C3 C4 C5 Cé6
C1 (L, 1,1) (1,2,3) (1,2,3) (L 1,1) (1,2,3) (L, 1,1)
C2 (1/3,1/2,1) 1,1,1) 1,1,1) (1/3,1/2,1) (1,1,1) (1/3,1/2,1)
C3 (1/3,1/2,1) 1,1,1) 1,1,1) (1/4,1/3,1/2) (1/3,1/2,1) (1/3,1/2,1)
C4 (L,1,1) (1,2,3) (23,4 (1,1,1) (1,2,3) (L, 1,1)
C5 (1/3,1/2,1) 1,1,1) (1,2,3) (1/3,1/2,1) (1,1,1) (1/3,1/2,1)
C6 (1,1,1) (1,2,3) (1,2,3) (1, 1,1) (1,2,3) (1, 1,1)
Amax = 6.056; CI = 0.022; CR = 0.018 < 0.1
(3) Check the consistency.

Using Equations (4) and (5), the CI value is 0.022 and the CR value is 0.018 (less
than 0.1), indicating the consistency of the collected data in the questionnaires and the
robustness of fuzzy judgment matrices.

(4) Integrate the experts’ opinions.
Using Equations (6) and (7) to compute the fuzzy geometric means of each criterion,
the fuzzy synthetic judgment matrix was thus obtained as shown in Table 3.
Table 3. The fuzzy synthetic judgment matrix.
Criteria C1 C2 C3 C4 C5 C6

C1 (1,1,1) (1.26,1.93,2.51)  (1.26,2.29,3.3) (0.69,0.79, 1) (1,1.33,1.58) 0.69,0.79, 1)

C2 (0.4,0.52,0.79) (1,11 (1.26,1.72,2.09)  (0.4,0.52,0.79) (0.76,0.84, 1) (0.3,0.44,0.79)
C3 (0.3,0.44,0.79)  (0.48,0.58,0.79) 1,1,1) (0.27,0.37,0.59)  (0.4,0.52,0.79) (0.4, 0.52,0.79)
C4 (1,1.26,1.44)  (1.26,1.93,251) (1.68,2.71,3.72) 1,1,1) (1.26,1.93,251)  (1,1.26, 1.44)

C5 (0.63,0.75, 1) (1,1.19,1.32) (1.26,1.93,2.51)  (0.4,0.52,0.79) (1,1,1) (0.4,0.52,0.79)
c6 (1,1.26,1.44)  (1.26,2.29,33)  (1.26,1.93,2.51)  (0.69,0.79,1)  (1.26,1.93,2.51) 1,1,1)

After that, using Equations (8) and (9), the fuzzy preference weight of each criterion
was obtained as shown in Table 4.

Table 4. The fuzzy preference weights of the criteria.

Fuzzy Weights L M u
w1 0.118 0.194 0.312
172 0.074 0.116 0.205
w3 0.053 0.084 0.160
Wy 0.145 0.247 0.388
Ws 0.087 0.137 0.229
We 0.130 0.222 0.358

(5) Defuzzify the fuzzy weights.

Equation (10) was used to compute the BNP value of the fuzzy preference weight of
each criterion. Table 5 shows the empirical results in which C4 (development schedule)
and C6 (manufacturing capability) are the two most important criteria.
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Table 5. Best nonfuzzy performance (BNP) values of the criteria.

Criteria BNP Values Rank
C1 (Physical dimension) 0.208 3
C2 (Power consumption) 0.131 5
C3 (Signaling length) 0.099 6
C4 (Development schedule) 0.260 1
C5 (Cost competitiveness) 0.151 4
C6 (Manufacturing capability) 0.237 2

Step 3 Rate the alternatives.

(1) Design a questionnaire for the data collection.
(2) Generate the fuzzy performance rating matrices.

Using Equation (11), the fuzzy performance rating matrices for the alternatives with
respect to the criteria were generated (see Table 6).

Table 6. Individual fuzzy performance rating matrix of expert 1.

Criteria Al A2 A3 A4 A5
C1 (2,3,4) (7,8,9) (8,9, 10) (7,8,9) (8,9, 10)
C2 (3,4,5) (7,8,9) (7,8,9) 6,7,8) 6,7,8)
3 (2,3,4) (5,6,7) (5,6,7) (6,7,8) (8,9,10)
C4 (8,9, 10) (7,8,9) (3,4,5) (5,6,7) (2,3,4)
C5 (7,8,9) 6,7,8) 4,5,6) (5,6,7) (5,6,7)
Co (7,8,9) (7,8,9 (3,4,5) (6,7,8) (2,3,4)

(3) Integrate the experts’ opinions.

Using Equations (12) and (13), the fuzzy synthetic performance rating matrix for the
alternatives with respect to the criteria was thus obtained as shown in Table 7.

Table 7. The fuzzy synthetic performance rating matrix.

Criteria Al A2 A3 A4 A5
C1 (2.42,3.42,4.42) (6.67,7.67,8.67) (6.75,7.75, 8.75) (7.17,8.17,9.17) (7.25, 8.25,9.25)
C2 (1.75,2.75, 3.75) (6.67,7.67,8.67) (6.67,7.67,8.67) (6.17,7.17,8.17) (5.67, 6.67,7.67)
C3 (1.75,2.75, 3.75) (4.83, 5.83, 6.83) (5.33, 6.33, 7.33) (6.33,7.33, 8.33) (7.67,8.67,9.67)
C4 (7.58, 8.58, 9.58) (7.17,8.17,9.17) (3.67,4.67,5.67) (5.83, 6.83, 7.83) (2.08, 3.08, 4.08)
C5 (7.33, 8.33,9.33) (6.83,7.83, 8.83) (5.33, 6.33, 7.33) (6.33,7.33, 8.33) (5.83, 6.83, 7.83)
Co6 (7.33, 8.33,9.33) (7.25, 8.25,9.25) (3.83,4.83,5.83) (5.92,6.92,7.92) (2.25,3.25, 4.25)

(4) Determine the fuzzy best values and fuzzy worst values.

Using Equations (14) and (15), the FPIS and NPIS reference points for each criterion

were determined as shown in Table 8.

Table 8. The FPIS (fuzzy positive ideal solution) and FNIS (fuzzy negative ideal solution).

Criteria FPIS ff FNIS 3?]._
C1 (7.25, 8.25,9.25) (2.42,3.42,4.42)
2 (6.67,7.67,8.67) (1.75, 2.75, 3.75)
C3 (7.67,8.67,9.67) (1.75, 2.75, 3.75)
C4 (7.58, 8.58, 9.58) (2.08, 3.08, 4.08)
C5 (7.33, 8.33,9.33) (5.33, 6.33,7.33)
C6 (7.33, 8.33,9.33) (2.25, 3.25, 4.25)

(5) Obtain the weighted fuzzy synthetic normalized rating matrix.
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Using the equation ’@jﬁj‘ =

S
("f xw)

)

thetic normalized rating matrix was obtained as shown in Table 9.

Table 9. The weighted fuzzy synthetic normalized rating matrix.

,i=1,2,.--,m, the weighted fuzzy syn-

Criteria Al A2 A3 A4 A5
C1 (0.12,0.19, 0.31) (0.01, 0.02, 0.04) (0.01, 0.02, 0.03) (0,0,0.01) 0,0,0)
C2 (0.07,0.12,0.2) (0,0,0) (0,0,0) (0.01, 0.01, 0.02) (0.01, 0.02, 0.04)
C3 (0.05, 0.08, 0.16) (0.03, 0.04, 0.08) (0.02, 0.03, 0.06) (0.01, 0.02, 0.04) 0,0,0)
C4 (0,0,0) (0.01, 0.02, 0.03) (0.1, 0.18, 0.28) (0.05, 0.08, 0.12) (0.14, 0.25, 0.39)
C5 (0,0,0) (0.02, 0.03, 0.06) (0.09, 0.14, 0.23) (0.04,0.07,0.11) (0.07,0.1,0.17)
Cé6 (0,0,0) (0,0,0.01) (0.09, 0.15, 0.25) (0.04, 0.06,0.1) (0.13,0.22,0.36)

(6) Rank the alternatives.

The separation values gi and 1~{i were calculated through Equations (17) and (18),
respectively, and the index value Q; was computed based on Equations (19) and (20). The BNP
values of Q; were then obtained through Equation (21). The defuzzified crisp value Q; repre-
sents the separation measure of alternative A; from a positive-ideal solution. Table 10 shows
that A2 (3D SiP) and A4 (monolithic SoC) are the top two favored technologies.

Table 10. Performance ratings of the alternatives. MCM, multi-chip module; SiP, system-in-package; SoP, system-on-package;
SoC, system-on-chip; BNP, best nonfuzzy performance.

Alternatives Si R; Qi BNP of Q; Rank
(2D II\A/[lCM) (0.24, 0.39, 0.68) (0.12,0.19, 0.31) (0.26, 0.66, 1.82) 0.91 3
(31?;1)) (0.07,0.12, 0.21) (0.03, 0.04, 0.08) (0,0,0) 0.00 1
(3DAS30P) (0.31,0.52,0.85) (0.10,0.18, 0.28) (0.28,0.75,1.98) 1.00 4
(Monol?tliic S0C) (0.15,0.24, 0.40) (0.05, 0.08, 0.12) (0.08,0.22, 0.54) 0.28 2
AS (0.36, 0.60, 0.96) (0.14, 0.25, 0.39) (0.38,1.00, 2.64) 1.34 5

(Heterogeneous SoC)

5. Discussion

The two most important criteria were reviewed in Section 5.1. While 3D SiP and
monolithic SoC were selected as the two most favored technologies, the rationale for them
is also discussed in Section 5.2.

5.1. Rationale for the Two Most Important Criteria

In view of the fuzzy AHP results shown in Table 5, the two most important criteria
are development schedule (0.260) and manufacturing capability (0.237). The development
schedule indicates the roadmap of technology development through the expense of R&D
(research and development) resources. Semiconductor firms would gain more competitive
advantages if the development schedule of new technologies can be further reduced.
Manufacturing capability refers to the technical and physical limitations of semiconductor
firms. Higher manufacturing capability always leads to higher manufacturing efficiency
and yield. Hence, the development schedule and manufacturing capability are the two key
factors that should be considered first while evaluating the optimal alternative technology
for incorporating MEMS with IC components.
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5.2. Rationale for the Top Two Preferable Technologies

In view of the fuzzy VIKOR results shown in Table 10, 3D SiP is of primary interest to
semiconductor firms among the five alternatives. The key advantages of 3D SiP technology
are its higher integration densities, shorter signaling lengths, and smaller package footprints
in comparison with 2D MCM. This method yields very compact packages (i.e., benefiting
by physical dimensions and signaling length) [19,47] and has been employed in a number
of commercial products (i.e., benefiting by development schedule and manufacturing
capability) [48,49]. 3D SoP is another technology that enables a highly integrated and
miniaturized system at the package level, but it went a step beyond 3D SiP by integrating
thin-film components on a package substrate (i.e., suffering from development schedule
and manufacturing capability) [50].

The second-ranked technology is monolithic SoC. The CMOS-MEMS technique pro-
vides advantages such as that it can be implemented using existing IC infrastructure and
MEMS components can be formed in completed wafers using cost-effective processing steps
(i.e., benefiting by development schedule and cost competitiveness) [5]. The heterogeneous
SoC integration approach can be also supported by an existing foundry structure, but it
often requires accurate substrate-to-substrate or wafer-to-wafer alignment during bonding,
reliable electrical interconnections, and/or even a greater number of manufacturing steps
(i.e., suffering from development schedule and manufacturing capability).

While comparing CMOS-MEMS with 3D SiP, 3D SiP has greater performance ratings
than CMOS-MEMS in terms of the major two criteria—development schedule and manu-
facturing capability. On the other hand, CMOS-MEMS has greater performance ratings
than 3D SiP in terms of the major two criteria—physical dimension and signaling length.

6. Conclusions

MEMS sensors are now prevalent in the era of IoT. The global semiconductor industry
expects a higher integration of mechanical structures with electronics that can be manu-
factured by CMOS technologies as usual. A variety of microfabrication and integration
approaches have been attempted, but each has distinguishing features. This study suc-
cessfully proposed a hybrid fuzzy MCDM model that effectively facilitates the evaluation
and selection of MEMS and IC integration technologies in a fuzzy environment. The six
important criteria and the major five alternative technologies associated with our research
themes were first explored through literature review and expert investigations. The priority
weights of criteria were then derived using fuzzy AHP, and the two most important criteria
are development schedule and manufacturing capability. After that, fuzzy VIKOR was
deployed to rate the alternatives, and 3D SiP and monolithic SoC are the top two favored
technologies. The proposed fuzzy decision model could serve as a reference for the future
strategic evaluation and selection of MEMS and IC integration technologies.
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Abstract: Through Silicon Via (TSV) technology is capable meeting effective, compact, high density,
high integration, and high-performance requirements. In high-frequency applications, with the rapid
development of 5G and millimeter-wave radar, the TSV interposer will become a competitive choice
for radio frequency system-in-package (RF SIP) substrates. This paper presents a redundant TSV
interconnect design for high resistivity Si interposers for millimeter-wave applications. To verify
its feasibility, a set of test structures capable of working at millimeter waves are designed, which
are composed of three pieces of CPW (coplanar waveguide) lines connected by single TSV, dual
redundant TSV, and quad redundant TSV interconnects. First, HFSS software is used for modeling
and simulation, then, a modified equivalent circuit model is established to analysis the effect of
the redundant TSVs on the high-frequency transmission performance to solidify the HFSS based
simulation. At the same time, a failure simulation was carried out and results prove that redundant
TSV can still work normally at 44 GHz frequency when failure occurs. Using the developed TSV
process, the sample is then fabricated and tested. Using L-2L de-embedding method to extract
S-parameters of the TSV interconnection. The insertion loss of dual and quad redundant TSVs are
0.19 dB and 0.46 dB at 40 GHz, respectively.

Keywords: millimeter-wave; redundant TSV; equivalent circuit model; S-parameters extraction

1. Introduction

With the development of 5G communication technology and millimeter-wave radar,
system-in-package (SIP) for high-frequency devices has become a popular research subject
in industrial and academic fields. This is due to the technical benefits of small size,
light weight, high integration, high density, and system performance improvement [1].
Traditionally, radio frequency (RF) SIP solution-based microwave printed circuit boards or
high-performance ceramic substrates, such as HTCC (high temperature co-fired ceramics)
and LTCC (low temperature co-fired ceramics), have faced challenges in terms of their
precision of critical dimension and minimum size of redistribution lines and pitch. Due
to the precise wiring capacity and the low mismach in material coefficient of thermal
expansion (CTE), research works have been done to explore the feasibility as well as
the technical advantage of TSV technology for RF application [2-6]. It has been found
that the RF property of TSV becomes the key issue in this field as the natural property
of Si as semiconductor, which is characterized in term of S-parameters. S-parameters
are network parameters based on the relationship between incident wave and reflected
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wave. S11 named the return loss represents the reflection coefficient of incident port while
Sp1 named insertion loss represents the transmission coefficient from incident port to the
destination. To improve the Sy; of TSV interconnection, optimization methods in materials,
structural, and process flow are proposed. For example [7,8] using a high-resistance silicon
substrate, the measured insertion loss of a single TSV is 0.35 dB at 20 GHz. References [9,10]
designed the coaxial TSV structure containing two layers of conductors, the measured Sy
of a TSV is —0.48 dB at 10 GHz. By optimizing the important electroplating process in the
TSV manufacturing process [11-13], TSV can achieve bottom-up Cu filling, and a single
TSV will have low DC resistance of 36.7 m(2 to ensure low RF loss. To our knowledge, the
best test result is demonstrated by [14], which has an insertion loss of 0.53 dB at 75 GHz for
a single TSV.

Various types of defects have been found in the manufacturing process of TSV. These
include discontinuities and voids in the metal inside TSV caused by a poor sputtering seed
layer or plating failure [15], pinholes and cracks of TSV oxidation caused by impurities
in the insulating materials or deposition methods. The discontinuity of metal in the hole
causes the signal channel to open and reflect most of the transmitted signal. Pinholes in the
insulator around the TSV will cause a leakage current between the TSV and the substrate,
resulting in a resistive short circuit [16]. Voids will cause the resistance of the interconnect
to change, resulting in increased signal loss. These defects affect the signal transmission
from the input to the receiver in different ways.

To address TSV failure, designs for a redundant TSV have been proposed. Samsung
proposed a TSV redundant architecture with a switching method for 3D DDR3 DRAM
(Samsung, Seoul, Korea) products [17]. Hsieh proposed a method for repairing shifted
TSV [18]. Reference [19] proposed a redundant architecture based on routers. The current
research on redundant TSVs is mainly focused on the logic 3D IC (integrated circuit)
application, while there is little research regarding TSV’s RF application [20,21]. In this
field, dense TSVs are not required for RF transmission which is favorable for redundant
design. However, unlike the redundant design of TSV in logic IC, the participation of
redundant TSV may change the characteristic impedance of RF TSV, and finally cause the
degradation in RF insertion loss or electromagnetic compatibility issue. Therefore, special
attention should be paid to RF redundant TSV design to guarantee that it can maintain an
equivalent RF property with single RF TSV design whatever a defect occurs, which is the
key point.

Therefore, a dual redundant and four redundant TSV interconnection designs are
proposed for a high-resistivity Si interposer in this paper. The high-frequency performance
is analyzed using a 3D field solver and a modified equivalent circuit model and compared
with a single TSV interconnection. S-parameters are simulated when the redundant TSV
has a via failure. Based on the proposed redundant TSV design, through the typical TSV
process, samples are manufactured and tested. S-parameters of TSV interconnection are
obtained by de-embedding. In view of the process factors that cause the measured radio
frequency performance to decline, analysis and optimization simulation are carried out
and an agreement is obtained. Finally, the high-frequency performance of the redundant
TSV structure proposed in this paper is compared with the published single TSV to show
its technological advantage.

2. Structural Design

Figure 1 shows the proposed redundant RF TSV. Figure 1b,c are dual and quad
redundant RF TSVs on high resistivity Si substrate, respectively, while Figure 1a is a
traditional single RF TSV as a reference. For ease of use in further test and S-parameters
extraction, RF TSVs on high resistivity Si substrate are connected by coplanar waveguide
(CPW) lines, which have a designed impedance of 50 (2 and dimensions are summarized
in Table 1.
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Figure 1. Test structure HFSS model: (a) single TSV; (b) dual redundant TSV; (c) quad redundant TSV.

Table 1. Parameters of the test structure (um).

Table 1 L S \ D R r X

Single TSV 1000 70 100 400 250 75 -
Dual redundant TSV 3000 70 100 400 250 75 160
Quad redundant TSV 3000 70 100 640 250 75 120

Figure 2 shows simulated S-parameters with HFSS model. It can be seen that at a
frequency of 40 GHz, the insertion losses of a single TSV interconnect test structure, dual
redundant TSV interconnect test structure, and quad redundant TSV interconnect test
structure design are 0.197 dB, 0.538 dB, and 0.998 dB, respectively. The S;; parameter is less
than —15 dB. The results show that it has a good high-frequency transmission performance.
At the same time, as the number of redundant TSVs increases, the S;; parameter shows
that the insertion loss value gradually degrades, and the S;; parameter shows that the
resonance frequency gradually decreases.
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Figure 2. Test structure simulation result.

To better understand the effect of the redundant TSVs on the high-frequency transmis-
sion performance, a modified lumped circuit model is established for the dual redundant
TSV test structure in this paper, as shown in Figure 3. The parameters of the symbols in
the model are listed in Table 2. The values of each lumped element can be calculated by
applying the dimensions [22-25] and material properties [26-28] in the following equations.
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The diameter, width, length, thickness, height, and spacing is symbolized d, w, 1, t, h, and

p, respectively.
1
ocy = —F/——
V quo OCu
R _ IrpL
RDLDC = —————
0CuWRDLIRDL
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CuWRDL Cu
RrpL = \/ Rrpr, pc? + Rrpr,_ac?
Leor — HolrDL <1n< 2lrpr, > 1 wgpL + trDL
27 WRDL + tRDL 2 3lrpL
C _ €o&silRoLWRDL
RDLinSub = —— 1 —
si
G _ OsilRoLWRDL
RDLinSub — h
si
R _ hsy
SVDC=——> 3
ocumt(dTsv/2)
Rysv_ac = hrsv
_AC = 7 2
ocum((drsv/2)" — (d1sv/2 — écu)”)
Rrsy = \/ Rrsv_pc? + Rrsy_ac?
Signal Signal
CRDLinSub/2 CRDLinSub/2 Csif2 Csif2
L ReoL Lo
GRDLinSub/2 GRDLinSub/2 R1sv Gsi/2 RTsv RTsv Gsi/2 RTsv
CRDLinSub/2

CRDLinSub/2
LRDI %

GRDLinSub/2

RDL Signal

GRDLinSub/2

TSV Signal

Figure 3. Equivalent circuit models of dual redundant TSV test structure.

Table 2. Symbols and parameters in the equivalent circuit model for TSV and RDL.

)

)

2

®)

4)

Q)

(6)

@)

®)

)

(10)

Symbol Parameter
RrpL/Rrsy Resistance of RDL/TSV
LrpL Self-Inductance of RDL
L1sveclosed Inductance of RDL under the influence of proximity effect
CrpLinsub / Csub Capacitance between RDL/TSV and substrate
GRrDLinSub/ Gsub Conductance between RDLs/TSVs in silicon substrate
PF Proximity effect correction factor
dcy Skin depth

When the alternating current in the same direction flows in the redundant TSV copper
column, the alternating magnetic field generated by each current will generate eddy
currents on adjacent TSVs, resulting in uneven current distribution in the TSV copper
column and the proximity effect. The electric field distribution of the redundant TSV design
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Ltsy =

proposed in this paper is shown in Figure 4. It is obvious that the internal electric field of
TSV is concentrated in the edge area. Therefore, the equivalent resistance and inductance
of TSV are changed, which needs to be considered when calculating the equivalent circuit.

d
PE — stv/ TSV (11)
\/ (Prsy/drsv)’ — 1
Rrsv,eq = PF-Rrsv_ac (12)
uohrsy hsy hrsy 2 dtsy/2 drsy /2.2 Rrsv_Ac
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Figure 4. Electric field diagram: (a) dual redundant TSV; (b) quad redundant TSV.
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The simulation results with HFSS and the established equivalent circuit model in
Figure 3 are shown in Figure 5. The similarity of the curvature of the amplitude curves of
S11 and Sy indicates that the establishment of the equivalent circuit model is correct. It
can be seen from the equivalent circuit model that, at high frequencies, the main factors
that affect the S-parameters are inductance and resistance. As the redundant structure
contains multiple RF TSVs, the proximity effect between TSVs will increase, and the overall
inductance and resistance will increase due to the additional RDL required to connect
multiple TSVs. Therefore, an increase in the number of redundant TSVs will cause the
resonance frequency to appear in the lower frequency range, and the high-frequency loss
will degrade significantly.
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Figure 5. S-parameters results of dual redundant TSV structure obtained by 3D FEM solver and
equivalent circuit model.

In order to verify the feasibility of the RF redundant TSV scheme, Figures 6 and 7 shows
that the S-parameters of dual and quad redundant RF TSV test structure when failure
occurs. It can be found that it has a higher resonance frequency and smaller insertion loss
as the number of failed TSV increases. This result is basically consistent with the above
analysis. Furthermore, it can achieve reliable function at 044 GHz regardless of what
failure occurs.
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Figure 6. Dual redundant TSV failure simulation results.
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Figure 7. Quad redundant TSV failure simulation results.

3. Fabrication

Figure 8 shows the main steps for fabricating the redundant RF TSV sample. They
include the following: (a) First, a 300 um high-resistance silicon wafer is cleaned in acetone
and isopropanol. (b) The fabrication of the large backside TSV is completed by photolithog-
raphy and deep reactive ion etching. (c) The fabrication of the small front side TSV is
completed by back engraving and deep reactive ion etching. (d) After standard cleaning, a
high-temperature thermal oxygen process is used to form a dense 100 nm SiO2 insulating
layer on the surface of the high resistance silicon wafer and the sidewall of the TSV. (e) The
double-sided sputtered adhesion layer Ti and seed layer Cu is fabricated. (f) Double-sided
lithography and thickening of the surface local copper layer and TSV hole copper layer
is conducted by electroplating in a copper sulfate solution. (g) Copper plating area mask
protection is carried out. Removing the excess Cu seed layer and Ti adhesion layer by wet
etching. (h) Electroless nickel-gold plating is con-ducted on the Cu layer. Figure 9 provides
a physical diagram of the completed production. As shown in Figure 10, the metal filling
in the TSV hole is good under X-ray detection. To extract the S-parameters of the TSV
interconnect structure, a transmission line is also manufactured at the same wafer.

(a) Cleaning silicon wafer (b) Etching the large backside TSV
ETHTE ETHTE
(c) Etching the small front side TSV (d) Oxidation
ETITE NTITE
(e) The double-sided sputtered Ti /Cu (f) Copper plating
HTINTE NTITE
(g) Wet etching (h) Electroless nickel-gold plating

- s B e

Figure 8. Process design.

141



Micromachines 2021, 12, 169

Figure 9. Test structure physical photo: (a) single TSV; (b) dual redundant TSV; (c¢) quad redun-
dant TSV.

Figure 10. Test structure X-ray detection map: (a) single TSV; (b) dual redundant TSV; (c¢) quad
redundant TSV.

4. RF Test and Analysis

The redundant RF TSV samples were tested using a GSG probe in a semi-automatic
probe station, which was connected with an AV3629 high-performance microwave in-
tegrated vector network analyzer. Before the test, the measurement system was firstly
calibrated using the classic SOLT calibration method, including short circuit, open circuit,
load, and straight through four standard structures, to correct the system error, stripping
probe and cable parasitic parameters [29]. The measured insertion losses at 40 GHz for a sin-
gle TSV interconnect test structure, dual redundant TSV interconnect test structure, and quad
redundant TSV interconnect test structure are 0.721 dB, 1.18 dB, and 1.635 dB, respectively.

Compared with the simulation results in Section 2, the maximum deviations of the
insertion loss of the simulation and testing of a single TSV, dual redundant TSV and four
redundant TSV test structures are 0.53 dB, 0.84 dB, and 0.95 dB in the range of 0-40 GHz,
which may be caused by the use of the ideal Cu layer in the simulation. However, the
fabricated Cu layer has some differences with ideal Cu layer, such as surface roughness and
resistivity. Figure 11 is a captured photo of the Cu layer by a profiler during the process,
which shows the roughness is approximately 60-70 nm and some local regions reach about
150 nm due to oxidation. Table 3 summarizes the tested resistivity, which has an average
resistivity of 12.79 uQ)-cm. Because surface roughness of the copper generates parasitic
inductance, the surface impedance will change and results in conductor loss [30]. Especially
when the skin depth corresponding to the operating frequency is less than or equal to
the surface roughness, the effect of surface roughness will become very significant [31,32].
Additionally, the resistivity of the conductor also affects the conductor loss. To testify
this point, using the monitored data, the simulation is optimized and repeated in HFSS
model, and the results are compared with the test results shown in Figure 12. It can be
seen that the deviation is relatively reduced, and the higher the frequency, the better the
fit. This proves that the roughness and resistivity of the conductor have an impact on
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high-frequency performance. It can also be seen in the figure that the gap between the
measured and simulated results of the four-redundancy is significantly larger compared
to a single TSV. Since the resistivity and roughness of the conductor in the hole cannot be
measured, the parameters of the conductor on the plane can only be used instead. As the
number of RF TSV holes increases, the error accumulation is greater.

Table 3. Resistivity test results.

Points Resistivity/uQ-cm
1 4.56
2 12.44
3 13.95
4 12.43
5 18.24
6 12.36
Average value 12.79

(a)
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Figure 12. Test structure Sy; parameter measurement results and optimized simulation results

of HFSS.

5. S-Parameter Extraction

To obtain the precise value of insertion loss contributed by RF redundant TSVs, de-
embedding was conducted. According to the relevant theory of microwave network
parameters, conversion into ABCD parameters with cascade characteristics for RF redun-
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dant TSV sample structures was carried out via parameter transformation and matrix
operation [33]. The 1000 pm CPW test structure is viewed as four 250 um CPW connections.
A single RF TSV interconnect and redundant RF TSV interconnect test structure is viewed
as three CPW and two TSV interconnect structures, as shown in Figure 13. To simplify
the description, J1, ]2, J3, and J4 are used to represent the CPW, single TSV interconnect,
dual redundant TSV interconnect, and quad redundant TSV interconnect test structure. L1
represents 250 um CPW and S-TSV represents a single TSV mutual connected structure,
D-TSV represents a dual redundant TSV interconnect structure, and Q-TSV represents a
quad redundant TSV interconnect structure.

1] cPW

‘
u u u u - Single TSV

Dual redundant TSV
— —
L1 vV svLl
L1 |

- Quad redundant TSV
0 )
1 " L1 sy v L1 1
L1

02]

03]

4]

Figure 13. Schematic diagram of test structure de-embedding.

The ABCD parameters corresponding to the four unit structures are represented
by square brackets “[]” and the tag name. The ABCD parameters of the unit structure
are multiplied by the unit structure to represent the ABCD parameters of the three test
structures J1, J2, J3, and J4 as

U1] = [L1][L1][La)[L] (18)

2] = [L1][S — TSV][L1][S — TSV][L1] (19)

U3] = [1J[LA[D — TSV][L1][D — TSV][L1][J1] (20)
4] = [J1][Q — TSV][L1][Q — TSV][J1] (21)

The number of frequency points of the high-frequency measurement is marked as
N, and the size of the ABCD parameters matrix of all the above test structures and unit
structures is 2 x 2 x N. In the calculation, an N-step loop is set to perform a 2 x 2 matrix
operation. The de-embedding process solves a single TSV interconnect S-TSV, a dual
redundant TSV interconnect D-TSV, and a quad-redundant TSV interconnect Q-TSV using
the above four matrix equations. Through the operations of square root and inversion
matrix, the ABCD parameters matrix of each unit structure is obtained as

N

[L1] = [J1] (22)

s-18v) = (LY~ (L) )
D—18v] = (L~ (U iy ) @
2] = (L1 @)

Q-Tsv] = [~ (i~ gy ) 26)

where [L2] is an intermediate variable for simplifying expressions. According to the
transformation relationship between ABCD parameters and S-parameters, the ABCD
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parameters of each unit structure is converted into S-parameters, and the transmission
characteristics of the three TSV interconnections can be compared. Microwave network
parameter conversion and other operations in the de-embedding process are performed in
MATLAB software(MATLAB, R2020a, MathWorks, Natick, Mass, USA).

Using the above de-embedding process, the S-parameters of the two kinds of RF TSV
design are obtained, as shown in Figure 14. It can be observed that the Sy; values of the
three TSV interconnects are close when the frequency is less than 40 GHz, and the gap is
in the range of 0.25 dB. When the frequency is greater than 40 GHz, the Sy; value of the
dual redundant and quad-redundant TSV interconnects degrade rapidly versus frequency,
and the insertion loss of the quad-redundant TSV interconnect significantly increases. The
test results of the TSV interconnection and the simulation results of the equivalent lumped
components models are compared. The following points can be seen from Figure 14: (a) The
simulated and measured insertion loss values gradually degrade as frequency increases. (b)
Both simulation and measurement results show a similar trend that the insertion loss value
degrades as the number of RF Redundant TSV increase. (c) The S-parameter curve of the
TSV interconnection extracted from the RF measurement results shows some fluctuation,
bringing out maximum deviation values of 0.07 dB, 0.17 dB, and 0.12 dB in the 040 GHz
range between the simulation and measured results for a single TSV, dual redundant TSV,
and four redundant TSV respectively. These fluctuations should be ascribed to the surface
roughness or random discontinuities in the deposited Cur layer on the sidewall of TSV,
of which, the later one is especially hard to discern or characterize to our knowledge.
This is the reason why the current simulation based equivalent lumped component circuit
model only considers the change of conductor resistivity as well. However, even with the
deviations due to the fluctuations, those founding is sufficient to draw a conclusion that it
has a competing RF property with single RF TSV for Redundant RF design, which is the
most important to this research and highlighted in the Table 4 as well.

At present, there is no report of RF redundant TSV interconnection sample measure-
ment result, although few papers proposed RF redundant RF TSV design. Table 4 compares
redundant RF TSVs proposed in this paper with single TSV products presented in recent
years. It can be seen from the table that when the frequency is less than 40 GHz, the RF
Redundant TSV interconnection sample fabricated in this work is in the same level with
traditional single RF TSV in term of RF insertion loss, but it has a better capacity to resist
failure risk of RF TSVs.

Table 4. Comparison RF TSV for high frequency applications.

Transmission Loss of

Ref. Substrate Material Type of Vias One Transition (dB) Via Size (um) Via Length (um)
10 GHz 40 GHz
[34] Glass Single TGV 0.03 0.22 D55 366
[35] LCP Single Via 0.071 0.12 55 51
[36] Si(HR) Single TSV 0.05 — $100 300
[37] Si(HR) Single TSV 0.04 — D8 & P90 25 & 280
[38] Si(HR) Single TSV 1.6 — D40 120
[39] Si(HR) Single TSV 0.37 — 10 100
Single TSV 0.11 0.22
This Work Si(HR) Dual redundant TSV 0.14 0.19 P40 & P80 50 & 250
Quad redundant TSV 0.2 0.46
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Figure 14. TSV interconnects Sp; parameter measurement results and simulation results of the
equivalent lumped components models: (a) S11; (b) So1.

6. Conclusions

This paper presented a RF redundant TSV design for a high resistance Si interposer
as a package substrate. To verify the feasibility of the scheme, two test structures for
connecting CPW transmission lines through redundant TSVs were designed to be able to
work in 040 GHz. Modeling and simulation were carried out using HFSS, conclusion
can be drawn from the obtained S-parameters that the more the number of RF redundant
TSV, the lower the resonance frequency, and the greater the insertion loss. This was also
solidified with the results obtained with the established modified equivalent circuit model
for RF redundant TSV interconnection. The simulation also shows that the designed
RF redundant TSV interconnection is capable to work in the range of 0—40 GHz without
unacceptable RF property degradation when failure occurs. RF redundant TSV test vehicles
were fabricated and tested, while an improved simulation factoring in nonideal factors
such as surface roughness and resistivity is also taken. The result of the test shows an
agreement with simulation. The tested insertion loss of the single TSV, dual redundant
TSV and quad redundant TSV after de-embedding is 0.22, 0.19, and 0.46 dB at 40 GHz,
respectively, which is close to the reported single TSV design. However, redundant TSV
offers a better capacity to resist failure risk of TSV.
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Abstract: High-quality-factor Micro-Electro-Mechanical System (MEMS) resonators have been widely
used in sensors and actuators to obtain great mechanical sensitivity. The frequency drift of resonator
with temperature is a problem encountered practically. The paper focuses on the resonator frequency
distribution law in the temperature range of—40 to 60 °C. The four-layer models were established to
analyze thermal stress caused by temperature due to the mismatch of thermal expansion coefficients.
The temperature variation leads to the transformation of stress, which leads to the shift of resonance
frequency. The paper analyzes the influence of hard and soft adhesive package on the temperature
coefficient of frequency. The resonant accelerometer was employed for the frequency measurements in
the paper. In experiments, three types of adhesive dispensing patterns were implemented. The results
are consistent with the simulation well. The optimal packaging method achieves —24.1 ppm/°C to
—30.2 ppm/°C temperature coefficient of the resonator in the whole temperature range, close to the
intrinsic property of silicon (—31 ppm).

Keywords: MEMS resonator; temperature coefficient; thermal stress

1. Introduction

Silicon capacitive resonator, as a primary motion unit, has been widely used in
Micro-Electro-Mechanical System (MEMS) accelerometers [1,2], gyroscopes [3,4], pres-
sure sensors [5], and microphones [6]. The capacitive resonator is advantageous to realize
displacement amplification under the same driving force, which is suitable for applying
MEMS sensors. Silicon material, with high Young’s modulus in the micron scale, is an
ideal elastic material. However, the silicon resonator frequency changes with temperature
due to the material softening of silicon [7,8]. The temperature coefficient of frequency
characterizes the thermal frequency stability of resonators. Different ambient temperature
leads to different temperature drift coefficient, affecting the device performance. Many
works have been done to improve the temperature performance of the resonator [9,10]. An
electronically temperature compensated oscillator based on capacitive silicon micromechan-
ical resonators was implemented to overcome the temperature issues [11]. The oscillator
exhibits a frequency drift of 39 ppm over 100 °C as compared to uncompensated frequency
drift of 2830 ppm over the same range. Some other works focus on presenting novel struc-
tures enlarging the tuning frequency range for temperature drift compensation [12-14].
Among them, compensation with different materials or additional static-electrical stiffness
was mentioned. The composite resonator with a linear temperature coefficient of frequency
was fabricated utilizing silicon and silicon dioxide’s opposing temperature coefficients of
Young’s modulus [15]. The temperature-dependent static-electrical forces were applied to
reduce the temperature coefficients of polysilicon micromechanical resonators [16].

All these efforts significantly improve the temperature coefficient of the silicon res-
onators. However, the frequency and temperature characteristics of the resonator are also
affected by the packaging method. Packaging processes bring different materials, leading
to intrinsic stress with different temperatures. The Leadless Ceramic Chip (LCC) package
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chip is made of ceramic materials. The silicon dies, containing a structural layer and a
substrate layer, is bonded to the shell by adhesive resistance, as illustrated in Figure 1. The
adhesive is generally cured at high temperatures. Its thermal expansion coefficient (TEC)
is quite different from that of silicon and ceramic materials [17]. The resonator’s stress is
produced and varied during cooling to operating temperature, ranging from —40 °C to
60 °C. Internal stress changes the resonator’s natural frequency, leading to the vibration
frequency varies with temperature.

Leadless Ceramic Chip
(LCC) package

BT P ii————

LCC Tube Shell

Temperature

Anchor Stress Resonator Freq.

(b)

Figure 1. (a) Leadless Ceramic Chip (LCC) package with MEMS chip; (b) The mechanism of resonator
frequency shift due to temperature.

The temperature coefficient of the resonator comes from two parts. The one is the
material intrinsic frequency variations with the temperature. The other one is the change
of supporting environment, which served as boundary conditions in the mechanical model.
The variations of pre-stress lead to the frequency drift due to temperature. The thermal
stress during the adhesion process is introduced to study the frequency drift law of the
resonator. The four-layer model was established, consists of a ceramic shell, adhesive
resist, silicon handle wafer, and silicon device layer. The resonator frequency variations
with temperature under different support architectures were calculated and analyzed. The
resonant beam accelerometer was used in the experiments to verify the theoretical model.
Different adhesive resists were implemented in the packaging of the accelerometer chip
and ceramic shell. We also changed the bonding processes to find the optimized packaging
method with the minimum temperature coefficient. The results indicate that the optimal
packaging method achieves the —24.1 ppm/°C to —30.2 ppm/°C temperature coefficient
of the resonator, close to the intrinsic value of silicon (—31 ppm/K).

2. Materials and Methods
2.1. Resonator Frequency and Intrinsic Stress

The resonant accelerometer is a typical MEMS device that consists of a proof mass,
two resonant beams with capacitive combs, flexural beams, a frame, and anchors [18,19].
The resonator has two modes with the movement in the same direction or the opposite
direction. The mode I illustrated in Figure 2 is symmetric motion, where two resonant
beams move in the same direction. Mode II is the antisymmetric mode, and the two
vibrant beams exhibit opposite movements. The symmetric motion is the operating mode
of the accelerometer. The capacitive combs provide electrostatic driving forces and dis-
placement detection as well as suspension mass of the resonance beam. The proof mass
generates displacement along the axial direction when external acceleration is input. The
displacement is transferred through levers and comes into being compressive and tensile
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stress of resonate beams to change the frequency. So, the accelerometer has differential
resonators that effectively resist common-mode interference. It is an ideal candidate for the
temperature characteristics of the resonator.

Anchor

e b — n— B b —

Mode I Mode II

Anchor

Figure 2. Operating principle of resonant accelerometer with two resonators.

Figure 3 indicates the relationship between pre-stress and resonate frequencies through
the finite element analysis. The symmetric mode frequency is about 400 Hz lower than
the antisymmetric modes, located in the first order. Resonator frequency varies with
internal stress, which decreases under compressive stress and increases under tensile
stress. Strains occur in the structure due to the difference in thermal expansion coefficients
of materials, resulting in stress, which leads to the change of resonator frequency [10].
Thermomechanical stresses induced by the packaging assembly processes are complicated,
and different packaging causes various temperature coefficients [20].
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Figure 3. (a) The relationship between pre-stress and resonate frequencies; (b) Strain and stress distributions on the
cross—section of the resonant beam under tensile stress; (c) Strain and stress under compressive stress; (d,e) Symmetric and

antisymmetric motion of resonance beam.

2.2. The Model of the Resonator Temperature Characteristic

Four-layer structure models were established to address the resonator temperature
characteristics due to thermal expansion coefficient mismatch [21]. There are ceramic shell,
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adhesive layer, silicon handle layer, and silicon device layer. As shown in Figure 4, the
anchors are mounted in the axial direction of the resonant beam. The resonator produces a
bending moment at operating temperature due to temperature variation.
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Figure 4. (a) The double-clamped resonator model for temperature characteristic; (b) Bending moment deformation caused
by thermal stress; (c) Distribution of axial normal stress on cross-section profile; (d) The normal stress distribution along the
longitudinal direction of the beam with different temperature.

The normal stress distributions on cross-section are according to the bending moment’s
characteristics. The tensile stress is above the neutral axis, and the compressive stress is
below the neutral axis. The stress changes linearly along the longitudinal direction of the
beam, from tensile stress to compressive stress. The bending moment decreases with the
rising of temperature, as illustrated in Figure 4d. The axial normal stress of the resonance
beam varies depending on the fastening architectures. The resonator is mounted by a
frame, where anchors are located on both sides of the resonance beam (Figure 5). Bending
moments are generated between two anchors due to the thermal stress. The normal
stress distribution along the longitudinal direction of the beam is compressive stress with
decreasing amplitude.

Bending moment due to Temp. variation

7
/

Anchor

Resonator Anchor

Stress on cross section (Mpa)

compressive stress

-12 r
0 35 70

Cross-section normal stre: Thickness direction (micron)

(b)

Figure 5. (a) Resonator model mounted by frame and the axial normal stress distributions; (b) The
normal stress distribution along the longitudinal direction of the beam with different temperatures.
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This paper selected two adhesive types to determine the influence of different adhesive
properties on packaging stress and frequency characteristics. The hard adhesive is the
material with a higher Young’s modulus. As listed in Table 1, the ABP 84-3]T adhesive from
LocTite was used in the experiments and calculations. The modulus is 2.95 GPa below25 °C
and 0.589 GPa above 150 °C. The soft adhesive employed in the paper is a silicone adhesive
with a lower Young’s modulus, which is 5 MPa in solid-state. TEC among materials varies
greatly, where TEC of hard adhesive is about 300 ppm/K linearly. The TEC of silicon is
2 ppm/K, nearly two orders of magnitude lower than adhesive.

Table 1. The material parameters applied in the calculation.

. , . , Thermal Coefficient of
. Density Young’s Modulus Poisson’s . . .
Material (kg/m?) (MPa) Ratio Conductivity Thermal Expansion
& (W/m-K) (ppm/K)
Silicon 2330 1.69 x 101 0.27 130 2
Ceramics 3970 3.1 x 101 0.28 14 7.1
Hard Adhesive 1500 2.95 x 10°/5.89 x 108 0.3 0.6 63/117 @
Soft Adhesive 1100 5 x 10° 0.3 0.8 300

@) The Modulus at 25 °C is 2950 MPa and 589 MPa at 150 °C. @ The data below glass transition temperature (56 °C)/above transition

temperature.

The double-clamped resonator model

The stress distribution analyzed above shows that the resonator temperature charac-
teristic with different adhesive in two models is illustrated in Figure 6. The temperature
coefficient is expressed as,

fir1 = fi

(Tiv1 — Th)fi @
where f; is the resonator frequency at the temperature T;. In the double-clamped resonator
model, the frequency decreases with the rising temperature for both hard or soft adhesive.
The temperature coefficient utilizing hard adhesive is from —23 ppm to —174 ppm, which
is larger than that with soft adhesive (about —40 ppm within the temperature range). The
situation is different for the frame-mounted model. The temperature coefficient utilizing
hard adhesive is positive, while that of soft adhesive is negative. The compressive stress is
dominant and released with the increase of temperature, resulting in the rising frequency.

K =

The frame mounted resonator model
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Figure 6. The resonator temperature characteristic with different adhesive in two models.

2.3. The Modeling and Experiments of the Resonant Accelerometer

The finite element model of the Resonant accelerometer was established to study the
stress and temperature characteristics of the resonator. Considering that the structure is
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symmetrical, half of the accelerometer is modeled to reduce the calculation amount. The
frame sags to the center, and the stress distribution of the resonance beam is asymmetrically
bonded with hard adhesive at —40 °C, as illustrated in Figure 7. The stress decreases from
26.5 kPa to 21 kPa from top to bottom in cross-section A, and the value is maintained at
24 kPa in cross-section B. Both of them are tensile stress. The stress inside the resonate beam
determines the resonate frequency. The structure’s frequency temperature characteristic is
obtained by calculating the models of different temperature points from —40 °C to 60 °C.
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Figure 7. (a) The finite element model of the Resonant accelerometer and the train distributions under —40 °C with hard
adhesive; (b) The relationship between temperature and symmetric motion resonate frequency; (c) The resonance beam
exhibits tensile stress in operating temperature; (d,e) Normal stress along with cross-section A & B.

Three types of adhesive dispensing methods were taken place in the experiments
to optimize the bonding method, as shown in Figure 8. The fastening center and eight
radiation directions are confirmed by the double-cross pattern shown in the first dispensing
type to achieve good shear strength. The second type fixes the four corners of the chip.
A center dispensing point constructs the third pattern. After packaging with different
types, the temperature experiments were carried out every 10 °C in the range of —40 °C to
60 °C. Each temperature point was kept for 2 h to reach the equilibrium state, and then the
resonate frequencies were tested.

Chip Bottom

Adhesive dispensing Point

Type 111

Type III

Type I

Type II
(a)

Type I Type 11

(b)

Figure 8. (a) Three types of adhesive dispensing method; (b) The photography of chips bottom with different adhesive
dispensing ways.

154



Micromachines 2021, 12, 26

3. Results

Temperature characteristic tests of resonant accelerometers with different bonding
methods and adhesives were taken place every 10 °C as listed in Tables 2 and 3. The
frequency decreases with the rising of the ambient temperature. The frequency of res-
onators with hard adhesive is higher than that with a soft one. The frequency temperature
coefficient is obtained by the frequency difference ratio to temperature variation multiplied
by frequency value. The type III fixed pattern samples’ amplitude is slightly larger than

that of Type I and IL

Table 2. The temperature characteristic test results of the resonator with soft adhesive.

Temp. Freq. (Hz) Freq. Diff. (Hz) Freq. Temp. Coef. (ppm/°C)

O Type I Type II Type 111 Type I Type 11 Type 111 Type I Type 11 Type 111

—40 24,891.2 24,835.4 25,148.4 - - - - - -

-30 24,885.2 24,829.3 25,141.5 —6.0 —6.1 —6.9 —24.1 —24.5 —27.6

—20 24,878.9 24,822.8 25,134.3 —6.2 —64 7.2 —25.1 —-259 —28.7

—-10 24,872.4 24,816.0 25,126.7 —6.5 —6.9 —7.6 —26.3 —27.7 -30.3
0 24,865.7 24,809.0 25,118.7 —6.6 —6.9 —8.0 —26.7 —28.0 -31.7
10 24,859.0 24,801.9 25,110.5 —6.8 7.2 —8.2 —27.2 —28.9 —32.7
20 24,851.8 24,7945 25,101.9 -72 —74 —8.6 —28.8 —29.7 —34.2
30 24,844.5 24,787.0 25,093.1 -7.3 -7.5 —8.8 —29.4 —30.2 —35.1
40 24,837.1 24,779.4 25,084.1 —74 7.7 —-9.0 —-29.9 —-30.9 —35.8
50 24,829.6 24,771.6 25,075.3 -75 -77 —8.8 -30.2 —31.2 —353
60 24,822.2 24,763.9 25,066.8 —74 -7.7 -85 —29.8 —31.1 —33.8

Table 3. The temperature characteristic test results of the resonator with hard adhesive (ABP 84-3]T).

Temp. Freq. (Hz) Freq. Diff. (Hz) Freq. Temp. Coef. (ppm/°C)
O Type I Type II Type III Type I Type 11 Type 111 Type I Type II Type II1
—40 25,523.0 25,584.3 25,169.6 - - — — — —
-30 25,478.5 25,534.2 25,137.3 —445 —50.2 —323 —174.6 —196.5 —128.4
-20 25,438.3 25,482.0 25,105.9 —40.2 —52.2 —31.4 —158.2 —204.7 —125.2
—10 25,402.2 25,433.0 25,076.8 —36.1 —49.0 —29.1 —142.1 —192.8 —115.9

0 25,374.5 25,390.2 25,051.3 -27.7 —42.8 —25.6 —109.2 —168.5 —102.0
10 25,355.8 25,360.6 25,030.9 —18.7 —29.6 —20.3 —73.6 —116.8 —81.3
20 25,343.1 25,336.2 25,015.4 -12.7 —24.4 —15.5 —50.2 —96.2 —62.0
30 25,333.3 25,316.4 25,003.2 -9.8 -19.9 -12.2 —38.6 —78.4 —48.8
40 25,324.8 25,302.7 24,993.1 -85 -13.7 —10.1 —33.5 —54.1 —40.3
50 25,316.8 25,289.7 24,985.3 —8.0 -12.9 -79 —31.5 —51.1 —31.5
60 25,309.5 25,276.7 24,978.1 -7.3 —-13.0 -7.1 —29.0 —51.6 —28.5

The frequency decreases with the increase of temperature for all samples, which means
that the temperature coefficient is negative. Figure 9 indicates the comparison in various
situations. The samples’ temperature coefficient with soft adhesive, which has a smaller
Young’s modulus, is lower than the samples with hard adhesive in the whole temperature
range. The temperature coefficients of the three packaging methods have little difference
with soft adhesive bonding. The high-temperature data is slightly higher than that of
low temperature, but the difference is within 6 ppm. The samples with Type I dispensing
method achieve —24.1 ppm/°C to —30.2 ppm/°C, which is also the best one among three
packaging ways. The performance of the samples with type II adhesive dispensing process
is close to that of with Type I, where the temperature coefficient is from —24.5 ppm/°C
to —31.2 ppm/°C. The samples with type III packaging process have a slightly higher
temperature coefficient in —27.6 ppm/°C to —35.8 ppm/°C.
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Figure 9. The frequency temperature coefficient in the test with hard & soft adhesive in three
dispensing methods.

The situation is different with hard adhesive. The general law is that the temperature
coefficient is more extensive at low temperatures and decreases gradually with the increase
of temperature. The chips with four corners bonding are worst, which means sizeable
normal stress occurs in the resonant beams. In this case, the chip is fully constrained, and
the strain caused by the mismatch of TEC is transferred to the resonant beams, resulting
in a larger frequency gradient. The central fixed chip achieves better performance. The
temperature coefficient is about —128.4 ppm/°C at —30 °C, and in the high-temperature
region, the value is —28.5 ppm/°C. The chips with a double-cross bonding pattern (Type
I) has better performance above 10 °C. The resonator frequency arises faster with the
reduction of temperature below 0 °C. Both packaging methods release thermal stress to
decrease the temperature coefficient.

The comparison of experimental and simulation results was illustrated in Figure 10.
The frequency at each temperature point is normalized due to silicon’s Young’s modulus
between the simulation and the real value. The frequency variation of the resonator
can be studied more clearly by the relative value. All of the data were implemented
utilizing Type II dispensing pattern. During the packaging process with soft adhesive,
SemiCosil 989(8)/1 K silicone adhesive was selected. The frequency varies by 0.275%
in the temperature range of 100 °C, consistent with experimental results. In terms of
hard adhesive packaging, ABP 84-3]JT and EPO-H65 were used in the experiments. The
frequency gradient at a lower temperature is more extensive than at a high temperature for
ABP 84-3]T. The Young’s Modulus of the adhesive (shown in Figure 10c) significantly affects
the frequency variation trend. Compared with the experimental results, the simulation
value exhibits better consistency below 0 °C. A slight nonlinearity was observed above
40 °C, but the inflection point appears at 0 °C in the experiment. The experimental results
are in better agreement with the simulation value with EPO-H65, Young’s modulus of
which is 916,396 psi (equals 6.318 GPa), higher than that of ABP 84-3]T. In comparing two
hard adhesives, the frequency variation is more extensive for EPO-H65. The temperature
coefficient is about —200 ppm/°C in the whole temperature range. The samples with ABP
84-3]T exhibit a variable temperature coefficient, which is higher below 0 °C.
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Figure 10. Comparing temperature characteristics between experimental and simulation results, (a) the data with soft
adhesive; (b) the data with hard adhesive ABP 84-3]T; (c) Young’s Modulus of ABP 84-3]T applied in the simulation; (d) the
data with hard adhesive EPO-H65.

4. Conclusions

The paper investigates the frequency drift laws caused by the thermal stress in the
packaging process. The four-layer model was established to discover the stress distributions
in different conditions. The frequency decreases with the rising temperature for both hard
or soft adhesive within the double-clamped model. The temperature coefficient utilizing
hard adhesive is positive, while that of soft adhesive is negative. The resonant accelerometer
was employed for the frequency measurements. Temperature characteristic tests with
different bonding methods and adhesives were taken place every 10 °C. Three types of
adhesive dispensing methods mean various chip constraints. The results indicate that the
frequency varies about —150 ppm/°C at low temperatures. The amplitude of the frequency
gradient decreases as the rising temperature with the hard adhesive. The temperature
coefficient employing soft adhesive, which has a smaller Young’s modulus, is lower in
the whole temperature range. The optimal packaging method achieves —24.1 ppm/°C to
—30.2 ppm/°C temperature coefficient of the resonator in the whole temperature range,
close to the intrinsic property of silicon (—31 ppm/°C).
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Abstract: This paper presents measurement and FEM (Finite Element Method) analysis of metal
adhesion force to a parylene substrate for implantable neural probe. A test device composed of
300 nm-thick gold and 30 nm-thick titanium metal electrodes on top of parylene substrate was
prepared. The metal electrodes suffer from delamination during wet metal patterning process; thus,
CF4 plasma treatment was applied to the parylene substrate before metal deposition. The two thin
film metal layers were deposited by e-beam evaporation process. Metal electrodes had 200 um in
width, 300 pm spacing between the metal lines, and 5 mm length as the neural probe. Adhesion force
of the metal lines to parylene substrate was measured with scotch tape test. Angle between the scotch
tape and the test device substrate changed from 60° to 90° during characterization. Force exerted the
scotch tape was recorded as the function of displacement of the scotch tape. It was found that a peak
was created in measured force-displacement curve due to metal delamination. Metal adhesion was
estimated 1.3 J/m? by referring to the force peak and metal width at the force-displacement curve.
Besides, the scotch tape test was simulated to comprehend delamination behavior of the test through
FEM modeling.

Keywords: adhesion; thin film metal; parylene; neural probe; scotch tape test; FEM

1. Introduction

Many research efforts have been made to develop and improve of the prosthetic hands and arms
for the amputees, and, in recent years, much progress has been observed in the development of life-like
robotic hands and the means of controlling them with greater degree of freedom. For this purpose,
micro-electro-mechanical systems (MEMS) technologies have been used to fabricate neural interface
probes [1-6]. However, existing MEMS-based neural electrodes would have a limitation on the neural
interface due to its material characteristics. Thus, flexible neural electrodes have been recently proposed
to minimize mechanical mismatch between the electrode and tissue after the electrode’s implantation
for a stable long-term recording and stimulation. To this sense, peripheral neural interface (PNI)
devices have appeared to retrieve and send neural signals directly from and to the residual or existing
peripheral nerves in this field [7]. Recently, thin film flexible polymeric devices are being used for
measuring nerve impulse from the central or peripheral nerve systems [8-13]. Such flexible polymeric
devices tend to be designed several um in thickness and a few mm in length due to its nature of
interfacing with neurons in human body. Consequently, metal electrodes on such a thin and long
polymeric substrate have constraints to be at best several hundred nanometers. Thus, metallization

159



Micromachines 2020, 11, 605

technology frequently used is PVD (Physical Vapor Deposition), such as evaporation or sputtering.
The PVD metal layers are formed into long and thin metal lines through wet-etch or lift-off technique.
Although thin-film polymeric devices are flexible and biocompatible, they are prone to delamination
and carry concerns about their mechanical robustness [14]. A nanopillar array created by plasma
etching could be used to enhance adhesion among different materials in the parylene-metal-parylene
system [15]. ALD (Atomic layer deposition) A1203 combined with the silane adhesion promoter A-174
would increase adhesion force between two parylene films [14]. Parylene material has been shown
that mechanical properties can be maintained after stored in PBS (Phosphate Buffered Saline) solution
up to 12 months [16]. Therefore, mechanical or chemical treatments of the interface between polymer
substrate and metal film is frequently required [17]. However, concrete characterization of metal
adhesion to parylene substrate dedicated to neural probe is still insufficient. Scotch tape test has been
frequently used to estimate adhesion force of metal layers to polymer substrates [18-20]. Tape is often
used to overcome the adhesion challenges in what’s commonly known as the “tape test,” which is a
variation of ASTM (American Society for Testing and Materials) D-3359 [21].

In this paper, metal adhesion to parylene substrate has been characterized by using scotch-tape
test and it has been analyzed based on Finite Element Method (FEM) modeling. Sample preparation for
adhesion test is presented in Section 2. Scotch tape test results are explained in Section 3. FEM modeling
and simulation of the scotch tape test is depicted in Section 4. Finally, conclusion will be made in
Section 5.

2. Test Sample Preparation for Metal Parylene Adhesion Test

Figure 1 shows the schematic of test pattern; it has length of 50 mm and width of 5 mm. It consists
of 6 metal lines; each metal line has 200 um in width and is spaced at 300 um as is the design of
multi-channel neural probe. Test pattern fabrication process is shown in Figure 2; (a) A parylene
(parylene-C) layer having 5 um in thickness was deposited in a 4-inch Si wafer using by commercial
parylene coater system (VPC-500, Paco Engineering, Incheon, Korea). The monomer was deposited on
the surface of the silicon wafer at a vapor phase condition with 0.8 um/min, and deposition temperature
was 20 °C. (b) Before metal layers deposition, the parylene surface was etched with CF, gas (process
conditions; (25 mTorr, 20 sccm, 1.5 min)) without O, in order to increase surface roughness reducing
the hydrophobicity, as shown in Figure 3. Note that O, was not used for surface modification since the
parylene is susceptible to be surface oxidation causing degradation of mechanical properties of the
polymer neural probe. Moreover, the nanopillar structures on parylene substrate was efficiently built
with CFy gas rather than O, gas, as shown in Figure 3b,c. Besides, there have been two major methods
to improve interfacial adhesion between parylene and metal layer: chemical treatment or mechanical
surface modification with RIE (Reactive Ion Etching) etch (Plasma-therm 790 MF, Plasma-Therm,
Saint Petersburg, FL, USA). Concerning the test sample used in our study, parylene was already
deposited on a silicon substrate; thus, chemical treatment may have changed the properties of parylene
substrate itself, as well as the interface on which the metal was deposited. Furthermore, RIE etch
have shown better performance compared with conventional A-174 saline chemical treatment [15].
Therefore, we modified the parylene surface with CF4 plasma etch to make a nanopillared surface,
increasing the interfacial energy. The effectiveness of the nanopillared parylene surface was confirmed
during metal patterning step. Titanium (30 nm) and gold (300 nm) were sequentially deposited with
using by E-beam evaporator (ei5, ULVAC, Methuen MA, USA) on the parylene substrate without
rupture of vacuum. (c) Photoresist (AZ GXR 601 (46cp), Merck, Kenilworth, NJ, USA) was patterned as
a metal etch mask. The process conditions are summarized in Table 1. (d) Gold was first etched with
Au etchant (Gold ETCH TFA, Transene Company, Danvers, MA, USA) for 5 min, and then titanium
is etched with BOE (Buffered Oxide Etchant) solution (Buffered oxide etch 6:1, VWR International,
Radnor, PA, USA) for 10 s. After metal patterning, PR mask was removed with acetone. Etch time
was 60 s.
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Parylene substrate

Width of metal electrode: 200 um

Spacing between metal electrodes: 300 um

Figure 1. Design of test pattern.

Si substrate

(a) Parylene depositon

i i r
Si substrate Si substrate

(c) PR mask patterning (d) Wet-etch of metals

Figure 2. Test sample fabrication process.

(a) Untreated (b) Oz treatment

(c) CFs treatment

Figure 3. Parylene surface modification.
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Table 1. Photoresist etch mask process conditions.

Step Conditions
PR coating 10 s @1500 rpm
Soft bake 60s@95°C
Exposure 10 s @10 mW
Develop 10 s @developer
Post exposure bake 30s @110 °C
Thickness 1.2 um

Resultant test samples on 4-inch silicon wafer is shown in Figure 4. All of metal lines were
successfully implemented on the parylene substrate without any delamination during etching process.
Note that the metal lines were fully delaminated from the parylene substrate during metal wet-etch step.

Figure 4. Test samples fabricated on 4-inch silicon substrate.
3. Scotch Tape Test for Metal Adhesion to Parylene Substrate

The prepared test samples underwent the scotch tape test to evaluate adhesion strength of the
metal electrodes to the parylene substrate. The machine used for the scotch tape test was Shimadzu
EZ-S machine (Shimadzu, Kyoto, Japan) dedicated for tensile testing. Figure 5 shows a photo of scotch
tape attached on the test sample and schematics of the scotch tape test, respectively. The scotch tape is
3 M transparent tape 550. It has thickness of 50 pm and 12 mm width, and it provides adhesion to steel
of 1.8 N/cm (or 0.18 N/mm).

Fa

Fy = Fycos0

AN _a - e
(a) test setup (b) scotch tape test schematic

Figure 5. Scotch tape test for metal adhesion to parylene substrates.
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Referring to Figure 5b, the scotch tape test was carried out in the following way; the machine
applies stroke (unit: mm/min) into one end of the scotch tape, and then it measures force F, (unit: N).
As force of interest is Fy, relationship between F, and Fy can be calculated as Equation (1).

Fg = F,cos 0. 1)

During the scotch tape test, the angle (90°—0) was changed from 60° to 90°; thus, Fg = 0.5 F; at
45°, and Fg = F, at 90°. For simplicity, we used the measured F, from the scotch tape test to extract the
adhesion strength.

Metal adhesion to parylene substrate was then measured with the scotch tape test. Scotch tape
was attached to the parylene surface, slightly away from the left-end metal line to the right-end of the
metal. After that, two different strokes (10 mm/min and 1 mm/min) were applied to the scotch tape,
and corresponding force was measured as shown in Figure 6. All metal lines were debonded from the
parylene substrate for all the cases. It was found that the sample with CF, treatment needs more force
than that without CF, treatment, which means a parylene surface with CF, treatment sticks better to
scotch tape. This is a proof that parylene surface energy can be increased with only CF, treatment
without O,.

3.5

—=— without CF4, 10 mm/min

3 «— with CF4, 10 mm/min
without CF4, 1 mm/min

—v— with CF4, 1 mm/min

Force (N)

0 T T T T T T T T T
0 4 8 12 16 20

Displacement (mm)
Figure 6. Force-displacement curves from scotch tape test with metal lines on parylene substrate.

The first peak in each measured force was due to initiation of metal debonding, which makes
abrupt drop of force. Minimal adhesion force is found when a stroke of 1 mm/min was applied to
the parylene test sample without CF, treatment (green line). It can be said that the metal adhesion
had lower than the adhesion value estimated from the first peak. The adhesion can be calculated as
follows; (0.5 N/12 mm) X (1.2 mm/12 mm) = 4.2 N/m. As all metal lines were debonded, the metal
adhesion should have had lower than 4.2 J/m?2. Thus, a lower stoke of 0.1 mm/min was applied to find
metal adhesion to the parylene substrate. In this case, the scotch tape was attached only to the narrow
metal lines of CF, treated parylene and then force was recoded while stroke of 0.1 mm/min is applied.
The measured force-displacement curve was compared with the previous results of 1 mm/min and
10 mm/min, as shown in Figure 7. As remarked in Figure 7, the scotch tape was debonded up to 0.9 N
without metal line delamination, and one metal line started to debond from 0.91 N. Therefore, metal
adhesion could be extracted from this peak force; (0.91 N/12 mm) X (0.2 mm/12 mm) = (76 N/m) X
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(0.017) = 1.29 N/m = 1.29 J/m?. Note that inset shows transferred metal lines on the scotch tape. Scotch
tape strokes of 1 mm/min and 10 mm/min introduced large force fluctuation, which would result from
relatively large applied force compared with interfacial energy.

2
o 0.1 mm/min
One metal line is debonded. 1 mm/min
10 mm/min
1.5 1
—~~
pd
N
() o
3 |
| .
(@)
L
0.5
Scotch tape is debonded
without metal line delamination
0 T M T T T T T

0 3 6 9 12 15
Displacement (mm)

Figure 7. Force-displacement curves from scotch tape test with metal lines on parylene substrate with
CF4 treatment.

Table 2 summarizes adhesion force between parylene and metal layer of previous reports compared
with this work. The majority of the studies on metal-parylene adhesion force deal with parylene layer
deposited on metal film with inteface treatment. Thus, they can provide from tens N/m to hundreds
N/m of adhesion force. A thin metal layer, like Al thin film, on PET(Polyethylene terephthalate) layer
has 46.7 N/m of adhesion. The thin gold metal line of this work had 1.29 N/m of adhesion force,
which may result from the relatively narrow metal line of 200 pum.

Table 2. Comparison of other research results with scotch tape test.

Test Method Test Sample Structure Interface Treatment Environment Remarks

Adhesion Force

Gorham process before

Parylene (10 pm)/sputtered Ti parylene deposition to

Peel 90° [18] (up to 100 nm)/Au (300 nm)/glass make adhesion 48hinPBS solution ~ metal width =
substrate promoting layer 10 mm
35.5 mN/mm
. Al thermal evaporated metal - motal width =
Peel 180° [19] (60 nm)/PET (12 um)/Al substrate RT 15 mm -
(1 mm) 0.7 N/15 mm
O, RIE etchin: : —
Tensile [15] Au (200 nm)/Cr (13 nm)/Parylene 2 g RT metal width =
(10 pm)/glass substrate 2.13 + 0.12 MPa 15 mm
Plasma Polymerized
Peel test [22] Parylene (9-20 pum)/Ti substrate Ethane (PPE) RT metall\vlv;dth =
0.34 N/mm
. Au(300 nm)/Ti(30 nm)/ CF4 RIE metal width =
Peel test [This work] Parylene(5 um)/Si substrate 1.29 N/m RT 200 um
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4. FEM Modeling and Simulation

FEM modeling and simulation is very useful to understand stress effect and corresponding
deformation of MEMS package, debonding characteristics of a transfer packaging, and mechanical
behaviors related with delamination [23-27]. Especially, debonding of a substrate and film delamination
can be studied by adopting a CZM (Cohesive Zone model) to represent the interface of interest [28-30].

For FEM modeling, material properties of each element are important to get good simulation
results. Required material properties in this modeling are Young’s moduli and poisson ratios of
scotch tape and parylene and strain energy release rate of interface between the scotch tape and
parylene. Young’s modulus of the scotch tape is extracted from tensile test result, as shown in Figure 8.
The Young’'s modulus of the scotch tape is 6.9 MPa in the elastic region, and the maximum applied
force in the elastic region is 7.6 N when the applied strain is 2.2% (2.2 mm elongation as test scotch
tape length is 100 mm). From the tensile test result, scotch tape in the metal adhesion test would be
in the elastic region as the applied force is less than 2 N in all the cases. Poisson ratio of the scotch
tape is assumed to be 0.4 as other polymer materials. Young’s modulus and poisson ratio of parylene
are 2.67 GPa, as extracted in previous work, and 0.4, respectively [23]. Table 3 summarizes material
properties for the FEM model. Note that interface material properties were defined with critical strain
energy release rate. The value for critical strain energy release rate was the measured adhesion force as
explained earlier.

35 1

30 Intercept = -0,1531, Slope = 6,91698
X Intercept = 0,02213

25

20

Stress (MPa)

o

I
0 5 10 15 20 25
Strain (%)
Figure 8. Tensile test result of scotch tape.

Table 3. Material properties of materials and interface.

Material Properties Scotch Tape  Parylene

Young’s modulus (Pa) 6.9 x 10° 2.7 x 10°
Poisson ratio 0.4 04
- Interface

Critical mode I 13

energy release rate (J/m?) '
Critical mode II 13

energy release rate (J/m?2) ’
Critical mode III 13

energy release rate (J/m?2)
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Given with material properties, modeling and simulation of the scotch tape test was performed
in two steps: 1) crack propagation behavior of the interface between the scotch tape and parylene
substrate 2) debonding of the scotch tape from parylene substrate based on CZM.

A 2D FEM model for crack propagation was built, as shown in Figure 9a. The length of this model
was 1000 um, and thickness was 50 um for scotch tape and 5 pm for parylene polymer. The following
boundary conditions were applied: bottom line is fixed and displacement load is applied to left-top
end, having 50 um width. Note that 2D model behavior was defined as plane strain. Total deformation
of the model when displacement of 100 um in y direction was applied to the scotch tape is presented in
Figure 9b. As is in the scotch tape test, delamination of the interface between scotch tape and parylene
occurred, and crack propagated in x-direction.

(a) 2D FEM model for scotch tape test

(b) Total deformation

50
401 13 Nm?
J —+— 3.0 N/m?
2
- l —50N/m

Force (uN)

Displacement (um)

(c) Force-Displacement curves as function of interface energy

Figure 9. Crack propagation model and simulation results.

Force-displacement was investigated as function of interface adhesion energy, as shown in
Figure 9c. The required force for crack initiation was increased as interface adhesion energy increased,
as expected. The force magnitude smaller than the measurement would have been due to thickness effect
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in 2D simulation. An important parameter in this graph is minimal displacements for crack initiation:
5 pum, 6.7 pm, and 7.6 pm for 1.3 N/m?2, 3.0 N/m?2, and 5.0 N/m?, respectively. These parameters
are included in the following 3D interface delamination as a part of CZM parameters. From the
simulation results, strain energy release rate (SERR) for mode 1 referring to VCCT (Virtual Crack
Closure Technique) (G1), SERR for mode 2 from VCCT (G2), and SERR for mode 3 from VCCT (G3)
were found 0.5 J/m?, 0.75 J/m? and 0 J/m?, respectively. The total amount of VCCTs corresponded to
the interface energy of 1.3 N/m?2. Principal modes of the fracture of the delamination was from mode 1
and mode 2.

Figure 10a shows 3D model for the CZM interface delamination. As indicated in Figure 10b,
there were two different regions in this model: pre-cracked (interface I) and CZM-modeled (interface
II). CZM is a useful way to simulate interface delamination, which is frequently used for thin film
delamination and transfer packaging technique [24,25]. The interface II, which is of interest for the
adhesion, is modeled with CZM (Cohesive Zone Model) parameters, as explained in Figure 10c.
As the bilinear CZM model needs at least two parameters, maximum normal traction and normal
displacement at debonding was defined, as presented in Table 4. The minimal gaps for the fracture
initiation found from the previous crack propagation simulation were included for 3D CZM simulation
to estimate applied force to initiate the interface crack.

Table 4. Cohesive Zone model (CZM) parameters.

Parameter Name Value
Maximum normal traction 0.5 MPa
Normal displacement jump at completion of debonding 5 um
Maximum tangential traction 0.5 MPa

Tangential displacement jump at completion of debonding 5 um

A displacement load was applied to one-end of the scotch tape, and then the force-displacement
was extracted from the simulation. Referring to bilinear CZM model, critical strain energy release rate
was calculated 1.25 J/m?. Initial width of the 3D model was 200 um as was the fabricated metal electrode
width. As in the 2D case, displacement load was applied to left-tip end. Extracted force-displacement
curve at the loading place is presented in Figure 11. Minimal force for debonding of scotch tape
was estimated 1.2 N/m, while measured one was 1.29 N/m. Adhesion force of the simulation had
a good agreement with the measurement. Width of metal electrode could have been increased to
get larger interface adhesion, as shown in Figure 11 When wider metal electrode is used to achieve
larger metal-parylene adhesion, metal line impedance for neural signal acquisition should be taken
into account.

Pre-cracked tape

Parylene \L.

e we

(a) 3D view

Figure 10. Cont.
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Figure 10. Three-dimensional Finite Element Method (FEM) model for Cohesive Zone model (CZM)

interface delamination.
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Figure 11. Force-displacement curves as function of metal width.
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5. Conclusions

Thin film flexible polymeric devices, such as a parylene-metal-parylene system, are being used
for measuring nerve impulse from the central or peripheral nerve systems. Such thin-film polymeric
devices provide advantages of flexibility and biocompatibility, but they are prone to delamination
and carry concerns about their mechanical robustness. Therefore, metal adhesion strength to polymer
substrate is important. The adhesion of metal electrodes to parylene substrate was measured by the
scotch tape test. Thin and long metal electrodes was patterned on a parylene substrate in which the
surface was modified by CF4 plasma etch before the metal deposition through e-beam evaporation.
Metal adhesion strength was estimated by measuring force-displacement curve of the scotch tape test.
The estimated metal adhesion was 1.3 J/m2. Experiment result was verified through FEM modeling of
the scotch tape test. The proposed modeling method provided adhesion force having good agreement
with experimental result. Although a thin-film parylene-based device can provide excellent short-term
reliability, there exists one significant drawback of poor adhesion to metallic layer. The failure of the
metal electrode on the parylene substrate is accelerated in the wet environment of a human body
and under mechanical forces originating from body movement. Therefore, mechanical integrity in
conditions of a human body implant or movement will be performed to assess long-term reliability of
the parylene-metal devices, along with the biocompatibility of the parylene-base neural probe.
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Abstract: Fan-out wafer-level packaging (FOWLP) is an interesting platform for Microelectromechanical
systems (MEMS) sensor packaging. Employing FOWLP for MEMS sensor packaging has some
unique challenges, while some originate merely from the fabrication of redistribution layers (RDL).
For instance, it is crucial to protect the delicate structures and fragile membranes during RDL
formation. Thus, additive manufacturing (AM) for RDL formation seems to be an auspicious
approach, as those challenges are conquered by principle. In this study, by exploiting the benefits
of AM, RDLs for fan-out packaging of capacitive micromachined ultrasound transducers (CMUT)
were realized via drop-on-demand inkjet printing technology. The long-term reliability of the printed
tracks was assessed via temperature cycling tests. The effects of multilayering and implementation of
an insulating ramp on the reliability of the conductive tracks were identified. Packaging-induced
stresses on CMUT dies were further investigated via laser-Doppler vibrometry (LDV) measurements
and the corresponding resonance frequency shift. Conclusively, the bottlenecks of the inkjet-printed
RDLs for FOWLP were discussed in detail.

Keywords: microelectromechanical systems (MEMS) packaging; inkjet printing; redistribution layers;
capacitive micromachined ultrasound transducers (CMUT); fan-out wafer-level packaging (FOWLP)

1. Introduction

Fan-out wafer-level packaging (FOWLP) has spurred increasing interest due to significant cost
advantages over competitive technologies, increased interconnect density, as well as enhanced electrical
and thermal package performance. With its roots in integrated circuit (IC) manufacturing technology,
FOWLP has also recently gained a lot of attention for microelectromechanical systems (MEMS) and
sensors packaging. Some examples for FOWLP of sensors including MEMS-based acceleration
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and pressure sensors, capacitive micromachined ultrasonic transducers (CMUTs), gas sensors and
biomedical sensors were recently realized and reported [1-7].

Employing FOWLP for MEMS sensor packaging creates some unique challenges [2]. For instance,
the thin and sensitive parts of MEMS components are incompatible with FOWLP processes such as
laminating, molding, back-grinding and dicing. This leads to deterioration of component performance,
i.e., a resonance frequency shift of a MEMS microphone, or membrane rupture, which are issues with
mold encapsulation per se [7].

Moreover, some issues are emerging from the typical fabrication processes of redistribution layers
(RDL) for fan-out packages, a combination of sputtering, photolithographic processes, etching, as well
as electroplating. RDLs are typically metal interconnects used to provide power supply and route
signals within the package and towards its periphery [8]. To ensure proper functionality of MEMS,
it is essential to temporarily protect delicate sensing areas during RDL processing and ensure that
temporary protection is entirely removed afterward. This complex procedure for the protection of thin
film is also known as keep-out-zones (KOZ) processing on RDLs [2].

In this study, an alternative FOWLP concept by implementing additively manufactured RDLs
for CMUT array packaging was proposed. The printed RDLs served as an interconnect between
capacitive microphones and speakers, operating in the ultrasonic domain, with corresponding
application-specific integrated circuits (ASICs), which allow features such as touchless activation or
control using gestures [9,10]. As schematically illustrated in Figure 1, metallic and dielectric structures
can be deposited selectively and in a controlled volume via a drop-on-demand printing technology
(e.g., inkjet, aerosol, electrostatic, electrohydrodynamic, etc.). The concept of inkjet-printed RDLs for
FOWLP was introduced in our previous work [11]. Inkjet-printed circuitry was also evaluated for
the fabrication of low-cost silicon [12] and organic interposers [13], which showed great potential for
rapid prototyping and signal probing. Aerosol printed RDLs for 3D smart devices were also recently
reported by Serpelloni et al. [14] as well as screen printed RDLs by Chia-Yen et al. [15].

Figure 1. Schematic illustration of the fabrication process of redistribution layers in FOWLP by using
drop-on-demand inkjet-printing.

Inkjet printing technology avoids long lithography procedures including global resist coating and
sputtering, thus lower thermo-mechanical stresses are expected to be applied to the sensitive MEMS
structures which will be assessed here. Additionally, long-term reliability of these printed RDLs for
FOWLP will also be investigated and discussed.

2. Materials and Methods

In this study, an advanced R&D inkjet printer (PiXDRO LP50, Meyer Burger Technology AG,
Gwatt, Switzerland) equipped with an industrial inkjet print-head (Spectra SE-128, Fujifilm Dimatix

172



Micromachines 2020, 11, 564

Inc., Santa Clara, CA, USA) was used. A commercial nanoparticle silver (Ag)-ink (Sicrys 115-TM 119,
PV Nano Cell Ltd., HaZafon, Israel) with 50 wt.% metal loading and an average particle size of 120 nm
(d90) was deposited at the operational jetting voltage of 120 V, printing frequency of 1000 Hz and
at carefully adjusted jetting pulse duration profile. Consequently, droplets with an average volume
of 20 picoliters and a velocity of 2 m/s were generated. The printing of Ag was performed at room
temperature, while the substrate was heated up to 50 °C to facilitate the evaporation of solvents.
After printing, the Ag lines were thermally sintered at 150 °C for 30 min. The electrical resistivity of
the tracks after thermal sintering at 150 °C was 5.61 E-8 Qdm corresponding to ~33% of the conductivity
of bulk Ag. For multilayering, several UV-curable dielectric inks were examined [16,17].

The morphology of the printed RDLs was characterized using scanning electron microscopy
(SEM, Helios, Thermo Fisher Scientific Inc., Waltham, MA, USA) and a mechanical stylus profilometer
(Dektak XT-A, Brucker, Elk Grove Village, IL, USA). In addition, the surface roughness of the substrates
was measured using a white light interferometer (MSA 500, Polytec GmbH, Waldbronn, Germany)
and calculated as defined in ISO 25,178 [18].

Capacitive acoustic sensor chips (Infineon Technologies AG, Neubiberg, Germany) with a size
of 1.6 mm X 1.6 mm were utilized in this study [19,20]. The chip possesses a circular polysilicon
membrane with a diameter of 0.9 mm and gold pads with a diameter of 0.1 mm. Silicon dummy chips
with a size of 5 mm X 5 mm were also employed for reliability analysis. Chip placement was done
using a Datacon 2200evo, while encapsulation by means of compression molding was done using
a TOWA Y-120 to form an 8” wafer. The chips were assembled facedown onto a temporary carrier with
laminated thermal release tape. Subsequently, compression molding, post-curing and release from the
temporary carrier were performed, resulting in mold-embedded components into an 8” mold-wafer
ready for inkjet printing. The liquid epoxy molding compound (EMC) had a filler load of 89 wt.%
with a top filler cut of 75 um, resulting in an overall coefficient of thermal expansion (CTE) of 7 ppm/K
(T < Tg).

The reliability performance of the printed tracks was evaluated by resistance measurements (Stiss
Microtec PM5, SUSS MicroTec, Garching, Germany). A temperature cycling test (—40 to 125 °C, 130 min
per cycle; CTS CSR 60/600-5) was conducted for reliability analysis. Measurements were done at
defined intervals during accelerated aging. Here two sets of experiments were planned to examine
the difference between the single-layer and double-layer Ag printed lines as well as to explore the
influence of the insulating layer beneath the Ag printed lines.

To investigate the introduced stresses due to the packaging process, laser-Doppler vibrometry
(LDV) measurements were performed with both bare-die and mold-embedded CMUTs [21]. For the
LDV measurements, a micromotion analyzer (MSA 400, MSA Safety, Cranberry Township, PA, USA)
was used to conclude the first resonance frequency. The system provides a real-time velocity and
displacement signal of vibration frequencies up to 1.5 MHz at maximal velocity amplitudes of 10 m/s.
The excitation of the CMUT resonators was triggered by electrostatic forces. An electrostatic probe was
connected to a high voltage excitation signal of up to 400 Volt and placed nearby the CMUT resonator
at a distance of approximately 100 um. The fringing field electrodes provided a strong electrostatic
force; therefore, it was not necessary to electrically connect the samples to any potential.

3. Results and Discussion

3.1. Microfabrication

In Figures 2 and 3, two realizations of inkjet-printed RDLs for CMUT FOWLP are depicted.
As shown in Figure 2, a system-in-package (SiP) layout for FOWLP of CMUT consisting of two sensors
and one ASIC was realized by inkjet printing. Here two Ag layers were ink-jetted over the metallic
pads of components and EMC in a drop-on-demand manner. The dielectric layer was inkjet-printed
between the two Ag tracks, which enabled multilayering. Depending on the number of input/output
(I/Os), pad-diameter, and -pitch of the components, various line-widths for the Ag tracks (between
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50 pm to 500 um) were tailored. In fact, inkjet printing enabled us to customize RDL geometries and
realize complex circuitries within a short time.

Since inkjet printing of particle-loaded inks is limited to inks with low viscosity (5-20 mPa-s [22])
and the major fraction of the ink is evaporated during curing, single layer printing usually yields
a thin layer. It is noteworthy to state that the metal loading of the ink in this study was 50 wt.%.
The average height of a single-layer Ag track was <1 um. As a comparison, double-layer Ag lines were
also prepared. Concerning the sequential processing of double-layer samples, the first layer was only
dried before applying the second layer without an intermediate sintering step [23]. Here the average
thickness reached ~2 um, however, the line-width was also increased by up to ~20%. As an example,
in Figure 4 the surface morphologies of the single-layer and double-layer Ag lines are compared. Here,
Ag tracks with the line-width of 275 um were aimed. As implied by this figure, the line-width of the
double-layer extended to ~325 pm. The calculated area (under the surface profile) of the single-layer
and double-layer Ag tracks is compared in Figure 4c. The results for 3 samples per kind are plotted
here and averaged. It can be inferred that double-layer Ag tracks have on average double the area of
the Ag materials when compared to single-layer tracks.

Figure 2. An example for the layout (a) and the final demonstrated FOWLP of two capacitive
micromachined ultrasonic transducers (CMUTs) and an application-specific integrated circuit (ASIC)
chip with inkjet-printed redistribution layers (RDLs) (Comprised of 2 layers of Ag printed lines (red
and yellow) and an intermediate insulating printed layer (not shown)) (b).
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Figure 3. The cross-sectional (a) and the planar (b) view of the test vehicle comprised of a CMUT
microphone with a sensitive membrane and two interconnecting Ag tracks. The critical interfaces
between the CMUT substrate-frame (c) and CMUT frame-epoxy molding compound (EMC) (d) are
shown in higher magnifications.
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Figure 4. Surface profiles of the single-layer (a) and double-layer Ag tracks (b). The calculated areas
under the profiles are compared in (c).

Figure 3 shows a rather simplified example of two inkjet-printed Ag tracks, which was selected as
the test-vehicle for the performance analysis and fast signal probing. Here, the CMUT microphone
possesses a sensitive membrane and the packaging-induced stress could be extracted by the resonance
frequency shift. By observing cross-sectional images of the samples, it was observed that the chip
surface is ~3-6 um higher than the surface of the EMC. This sharp step was predicted to be the
weak-spot for the long-term reliability of the RDLs. Figure 3c,d revealed two critical steps at the
interfaces between CMUT frame/ CMUT substrate and EMC/ CMUT frame, respectively. In an attempt
to smoothen the steps, dielectric inks were selectively inkjet printed on the edges of the components,
forming a ramp. In Figure 5, one example of the printed dielectric ramp is depicted. By employing
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this approach, the Z-offset was smoothened and the sharp step between the chip and mold surface
was diminished.

| e

Z-offset Insulating ramp Ag line T, sk
. —

Insulating ramp
Figure 5. The schematic demonstration (a) of the inkjet-printed insulating ramp approach to smoothen
the Z-offset and the corresponding optical image (b).

3.2. LDV Analysis

As aforementioned, the mechanical stresses upon FOWLP of CMUTs can lead to either physical
damage to the sensitive membrane or shifts of the acoustical properties of the CMUT due to the
change of membrane stiffness. Accordingly, LDV measurements were performed on both bare-die and
packaged die to quantify the shifts of the first resonance frequency of the CMUT.

Figure 6 shows the result of the average LDV-measurement for the bare dies. The response curves
of the membranes were monitored and averaged over several measuring points, which were positioned
as an overlaid grid. The speed frequency response with its real (blue) and imaginary (red) part is
shown in the graphs. When the imaginary part had an extremum and the real component had a turning
point, a characteristic mode was formed. The averaged LDV measurement result of the packaged
dies is also shown and compared with the bare-dies in Figure 7. The first resonance frequency of the
membrane was measured after packaging with a value of 78 kHz. As inferred from Figures 6 and 7,
there was a shift in the first resonance frequency caused by the packaging of ca. 16 kHz. This shift was
attributed to the compressive stresses due to the chemical and thermal shrinkage (CTE mismatch) of
the encapsulation material after cooling down from molding temperature to room temperature. It was
postulated that the inkjet printing of RDLs could not have a remarkable influence on the induced
stress, since the curing temperature of the inks is identical to the post-mold curing temperature of
150 °C. Besides, neither pressure, aggressive chemical treatment nor a physical contact to the CMUT
membranes was imposed during inkjet printing. It is noteworthy to mention that in the course of
FOWLP, after compression molding, two temperature-assisted processes were exerted, i.e., post-mold
curing at 150 °C and removal of the release tape at 180 °C.
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Figure 6. Averaged laser-Doppler vibrometry (LDV) measurement results of the bare CMUT dies with
the images of the modes shown above at the characteristic frequency.
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3.3. Reliability Analysis

Accelerated tests are often used to get a deeper understanding of the reliability of components
and the collaboration of those within a system. Since the proposed technology (developed within the
Silense project [8]) was aimed for mobile and automotive applications, temperature cycling according to
the automotive electronics council (AEC-Q100) Grade 1 standard was selected as the main verification
methodology. Consequently, the temperature profile was selected according to the standard (—40 to
125 °C) with a time course of a cycle being 130 min with a 30 min holding phase at each peak
temperature [24]. Here, a new set of samples was designed and fabricated. The simplified design
and final configuration of the test samples for reliability analysis are shown in Figure 8. As seen,
the test samples comprised embedded Si chip arrays with 6 printed Ag tracks per chip. Electrical
characterization via a two-wire-method was conducted beforehand and at defined intervals during
testing at room temperature.

Line

[4]

il o] =]

1mm

Ag tracks

Figure 8. Schematic (a) and experimental setup (b) for temperature cycling test. An example of the test
sample arrays for temperature cycling test is shown in (c).

In Figure 9, the measured resistances of the single and double layer printed conductors are
compared. It can be seen that the average electrical resistances of the double layer ones were lower
than that of the single layer. Moreover, in the course of thermal cycling, the double-layered lines
exhibited more consistency compared to the single-layered lines. As highlighted in the graphs, several
open circuits emerged during thermal cycles of single layers.
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Figure 9. Temperature cycling test results of single-layered (a) and double-layered (b) Ag tracks.
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It was postulated that the thin layers are prone to higher reliability issues since the thin single
layer cannot accommodate the thermomechanical stresses due to the CTE mismatch between EMC
(~7 ppm/K) and sintered ink (~19 ppm/K) during the thermal cycle tests. There was also a risk that a
single-layer Ag could not fully cover the 3-6 um step-height between the chip and the EMC. The surface
roughness (arithmetic mean of the measured absolute height, Sa) of the EMC was measured to be in
the range of 450-603 nm, given that a double-layered Ag layer with a thickness of 2 um seemed to be a
more reliable approach to provide a homogeneous layer all over the surface compared to a single layer
with a thickness of less than 1 pm. Conclusively, the double-layer printing of Ag lines was proposed to
be the best compromise between the reliability, process speed and the final line-width of the RDLs.

In the second set of experiments, the effect of the dielectric ramp on the reliability of the printed
interface between die and EMC was investigated. The results of the thermal cycle tests of the samples
with and without the insulating ramp are compared in Figure 10. In contrast to our expectation,
the insulating ramp did not improve the performance of the printed lines, but rather increased the
total electrical resistance of the tracks. There were also more cases of open circuits found. A possible
explanation for this observation was the higher CTE of the dielectric polymer inks, which induced
additional thermomechanical stresses during thermal cycling. In fact, as to keep the viscosity of the
ink low, the inkjettable dielectric materials usually do not contain any fillers and thus possess high
CTEs [16,17,25]. In another study, SU8 dielectric ink was inkjet-printed as an insulating ramp to
generate 3D interconnects for a millimeter-wave system-on-package [26]. The used SU8 had a CTE
of about 52 ppm/K [27]. The inks employed in the current study were also supposed to have similar
CTEs, although these values were not provided by the material suppliers.
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Figure 10. Temperature cycling test results of double-layer Ag lines without (a) and with
(b) insulating ramp.

The cross-sectional images of two failed samples with and without insulating ramp after 500 cycles
are presented in Figure 11. It is evident that the fracture took place at the interface between the die and
EMC. This interface was subjected to the fusion of thermomechanical stresses due to CTE mismatches
between different materials, i.e., Ag/EMC/Si or Ag/EMC/dielectric ramp/Si. It can be seen that the
gap was broader in the case of the insulating ramp approach, which is consistent with the measured
electrical resistance results.

Conclusively, it can be deduced that the double-layer Ag layer yielded more reliable interconnects
compared to single-layered interconnects or interconnects with the insulating ramp. It was also found
that the step-height between the chip and EMC led to reliability issues and should be minimized.
The magnitude of this height difference is assumed to be dependent on the CTE mismatch between the
EMC and the dies, thus also on the thermal budget throughout the manufacturing process. Chemical
shrinkage of the EMC impacts this further, as well as the choice of temporary adhesive (thermal
release tape) and possibly the placement force. The resulting steps, even though only a few um
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high, was identified as a potential bottleneck for the printed lines, especially considering reliability
performance. Additionally, the observed delamination in Figure 11a implied a degraded adhesion
between the Ag and EMC upon temperature cycling. By comparing Figure 11a to Figure 3d, one can
deduce that the delamination emerged during the thermal cycling test due to the CTE mismatch.

3.4. Barriers to Overcome

This study sheds light on challenges and opportunities in FOWLP of CMUT arrays by using
inkjet-printed RDLs. It can be inferred that inkjet printing is a cost-effective, powerful and rapid
way to form RDLs, especially in comparison to conventional lithography- and electrochemical-based
formation of the RDLs. It is well-suited for MEMS packaging, as the additive manufacturing of the RDL
eliminates all sorts of challenges with delicate sensing surfaces (i.e., fragile membranes). MEMS also
have typically few I/Os; thus, a low-density FOWLP with larger line-width within the resolution of
inkjet printing (30-100 um) can be feasible.

Small gap (<0.5 pm)

_— Ag

Delamination

Crack in the EMC

die

Big gap (>0.5 um)

Ag

Insulating
ramp

die

View field: 16.0 pm WD: 5.02 mm

Tilt Corr.: 0° Det: SE
SM: ANALYSIS BI: 8.00

Figure 11. Cross-sectional scanning electron microscopy (SEM) images of the broken Ag tracks at the
interface of EMC/die after thermal cycling manifesting the hotspots of the interconnects; (a) the sample
with double-layered Ag line (b) the sample with double-layered Ag line and insulating ramp.

The challenges can be divided into inkjet-related and FOWLP-stemmed issues. There are still
some crucial issues that can hinder the full implementation of inkjet printing for FOWLP packaging,
such as the poor conductivity of the metallic inks, limitations in resolution for high-density FOWLP,
and signal integrity for high frequencies as well as the reliability issues. One of the major limitations
of inkjet-printing lies in the strict rheological requirements of the inks, i.e., small range of viscosity
and surface tension. Additionally, the coffee-ring effects due to the uneven drying of the inks are still
an issue with inkjet-printed structures [28]. Despite the current limitations, with the advancement of
additive-manufacturing processes and improved materials, digital printing can certainly overcome the
existing challenges. For instance, the current line-width limitations and rheological requirements can
be overcome using other printing approaches such as electrohydrodynamic inkjet printing [29,30].
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Concerning FOWLP, the encapsulation of delicate CMUT components for FOWLP was found to
be challenging, since stress management and protective concepts for sensing areas were determining
overall system performance. In addition, the Z-offset issue, which was found to be the reason for the
reduced long-term stability, should be further investigated and mitigated upon the consequent process
and material optimizations. Future work can be also devoted to improving the adhesion of the Ag ink
to EMC by employing different surface pretreatments.

4. Conclusions

In this study, an innovative approach for FOWLP of CMUT sensors by using inkjet-printed
redistribution layers was pursued. Two realizations of the proposed FOWLP were shown and
the performance of the packaged sensors with sensitive membranes was compared to bare dies
performance. The reliability of the printed RDLs was assessed by using a thermal cycling test.
The effects of multilayering and incorporating an insulating ramp between the die and mold were
investigated. The cross-sectional analysis of the failed samples manifested the bottlenecks of the printed
lines. Consequently, the challenges and opportunities of printed RDLs were addressed. The proposed
approach for FOWLP of MEMS by using inkjet printing could eventually lead to a new platform for
cost-effective heterogeneous integration.
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Abstract: Au-Au surface activated bonding (SAB) using ultrathin Au films is effective for
room-temperature pressureless wafer bonding. This paper reports the effect of the film thickness
(15-500 nm) and surface roughness (0.3—-1.6 nm) on room-temperature pressureless wafer bonding
and sealing. The root-mean-square surface roughness and grain size of sputtered Au thin films on
Si and glass wafers increased with the film thickness. The bonded area was more than 85% of the
total wafer area when the film thickness was 100 nm or less and decreased as the thickness increased.
Room-temperature wafer-scale vacuum sealing was achieved when Au thin films with a thickness of
50 nm or less were used. These results suggest that Au-Au SAB using ultrathin Au films is useful in
achieving room-temperature wafer-level hermetic and vacuum packaging of microelectromechanical
systems and optoelectronic devices.

Keywords: heterogeneous integration; wafer bonding; wafer sealing; room-temperature bonding;
Au-Au bonding; surface activated bonding; Au film thickness; surface roughness

1. Introduction

Sealing techniques are essential to protect the sensitive elements of microelectromechanical systems
(MEMS) and optoelectronic devices from the environment [1-3]. An effective way to achieve sealing is
to bond cap wafers to device wafers. Many types of bonding techniques such as anodic bonding [4],
thermocompression bonding [5-7], solder bonding [8,9], and eutectic bonding [10] have been used
as sealing techniques. However, these techniques require high bonding temperature, which causes
problems such as thermally induced mechanical stress due to thermal expansion mismatch. Therefore,
low-temperature bonding using metal intermediate layers is becoming increasingly attractive because
of the high bonding strength and good reliability that can now be achieved. Research on bonding
using Au intermediate layers has been increasing [11-35], because Au has several highly desirable
properties such as high resistance to oxidation and corrosion.

Au-Au surface activated bonding (SAB) [17-35] is a promising technique for low-temperature
bonding. In Au-Au SAB, the Au surfaces are activated by plasma treatment and then brought into
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contact at low temperature (<150 °C). Au-Au SAB has also been applied to hermetic sealing, as well as
the integration of different materials [17,24]. An advantage of Au-Au SAB is that the Au films can be
patterned using photolithography before bonding, enabling high transparency to be achieved by using
glass wafers [35]. For example, chip-scale hermetic sealing in air has been achieved at low temperature
(150 °C). However, high bonding pressure (300 MPa) was necessary because thick Au films (thickness:
300-500 nm) with rough surfaces (root mean square (RMS) surface roughness: 4.0 nm) were used as
sealing rings [24]. Various methods such as thermal-imprint [25], lift-off [26], and direct-transfer [31]
have been investigated to reduce the bonding pressure required for sealing by using Au-Au SAB.
However, high bonding pressure (>100 MPa) is still required to achieve sealing [28].

Room-temperature pressureless wafer bonding was recently achieved with Au-Au SAB using
ultrathin Au films (thickness <50 nm) with small grains, and thus, smooth surfaces (RMS surface
roughness: <0.5nm) [30,34]. Furthermore, room-temperature pressureless wafer-scale hermetic sealing
in both air and vacuum was achieved using Au-Au SAB with ultrathin Au films (thickness: 15 nm) [35].
However, the effect of the film thickness on Au-Au bondability and sealing quality has not been
investigated quantitatively.

This paper reports on the use of Au thin films with different film thicknesses in room-temperature
pressureless wafer bonding and vacuum sealing processes. We also investigate the effect of film
thickness and surface roughness on wafer bonding and vacuum sealing quality.

2. Experimental Methods

2.1. Room-Temperature Pressureless Wafer Bonding in Ambient Air

In the first experiment, Au thin films with different thicknesses (15, 50, 100, 300, 500 nm) and Ti thin
films with a thickness of 5 nm as adhesion layers were deposited on 4-inch Si wafers by DC sputtering
(JSP-8000, ULVAC, Inc., Chigasaki, Japan). The sputtering was performed at a chamber pressure of
0.15 Pa and a sputtering power of 200 W for the Ti films and 100 W for the Au films. The surface
roughness of the deposited films was measured with an atomic force microscope (AFM; L-trace,
Hitachi High-Tech Science Corporation, Tokyo, Japan), with a scanning area of 500 nm x 500 nm.
The average grain size of the Au films was calculated from the observed AFM data using the watershed
algorithm [36]. To investigate the stress in the deposited films, we measured the curvature radius of
the wafers before and after film deposition using a thin-film stress measurement system (FLX-2320-S,
TOHO Inc., Nagoya, Japan). The film stress o was calculated using the Stoney equation [37]:

Eqts2 1 1
S St &R @

where Eg, v5, and £, are Young’s modulus, Poisson’s ratio, and substrate thickness, respectively, Ry and
R; are the curvature radii of the wafer before and after film deposition, and ff is the deposited film
thickness. In this work, Si was assumed to be isotropic, and Young’s modulus, Poisson’s ratio, and
substrate thickness were set to 169 GPa, 0.06, and 525 um, respectively [38,39]. The tr was calculated as
the total thickness of the Au and Ti thin films.

The bonding was performed by placing two wafers with the Au sides facing each other in ambient
air and squeezing their centers together with tweezers once with an estimated applied force of <10 N.
Before bonding, Ar plasma treatment (RF power: 200 W, operating pressure: 60 Pa, treatment time:
60 s) was performed for surface activation using the plasma equipment installed in the bonding system
(WAP-1000, Bondtech Co., Ltd., Kyoto, Japan). The treatment time (60 s) was short enough not to
affect the surface roughness of the Au surfaces [34]. The bonded area was observed with a surface
acoustic microscope (SAM; SAM 300, PVA TePla Analytical Systems, Westhausen, Germany), and the
percentage of the bonded area was calculated using Image]J software [40]. The bonding strength was
evaluated using the razor blade test, which is also known as the crack opening method [41]. The crack
length caused by inserting a blade was observed with the SAM.

186



Micromachines 2020, 11, 454

2.2. Room-Temperature Wafer Sealing in Vacuum

In the second experiment, Au thin films with different film thicknesses (15, 50, 100, 300 nm) and Ti
thin films with a thickness of 5 nm as adhesion layers were deposited on Si wafers (4-inch diameter)
with cavities and on alkali-free ultrathin glass wafers (80 mm square and 50 um thick, G-Leaf, Nippon
Electric Glass Co., Ltd., Otsu, Japan) by DC sputtering. More than 100 cavities with lateral dimensions
of 2mm X 2 mm, a depth of 100 um, and a pitch of 3 mm were fabricated in the middle of the wafers by
wet chemical etching. A schematic of a bonded wafer pair is shown in Figure 1a, and a cross-sectional
schematic of a vacuum-sealed sample is shown in Figure 1b. The surface roughness of each wafer was
measured with the AFM, and the average grain size was calculated using the watershed algorithm.
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Figure 1. Schematics of bonded wafer pair and bonded structure: (a) Wafer pair (thin glass wafer and
Si wafer with cavities) deposited with Au thin films (b) Cross-sectional schematic of vacuum-sealed
sample. Glass substrate exhibited deflection due to pressure difference between sealed vacuum cavity
and ambient atmosphere.

Room-temperature vacuum sealing was performed using the bonding system (WAP-1000,
Bondtech Co., Ltd.). Two wafers were bonded in a vacuum chamber (~1072 Pa) at room temperature
and a contact load of 2000 N. Before bonding, the Au surfaces were activated by Ar plasma (RF power:
200 W, operating pressure: 60 Pa, treatment time: 60 s). The applied contact load (2000 N) corresponded
to less than 1.6 MPa for the bonded samples.

The sealing quality of the vacuum-sealed samples was evaluated by visually checking the number
of cavities with cap deflection. Since the glass wafers were thin (thickness: 50 pm), the glass caps
on the vacuum-sealed cavities exhibited deflection after bonding due to the pressure difference
between the sealed vacuum cavities and the ambient atmosphere, as shown in Figure 1b. Furthermore,
microstructure observation of the bonded interface was performed with a transmission electron
microscope (TEM; H-9500, Hitachi High-Tech Science Co., Tokyo, Japan).
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3. Results

3.1. Room-Temperature Pressureless Wafer Bonding in Ambient Air

A measured AFM image of a Si wafer before Au thin film deposition is shown in Figure 2a, and
the images of Au thin films with thicknesses of 15, 50, 100, 300, and 500 nm deposited on Si wafers are
shown in Figure 2bf, respectively. Before film deposition, the RMS surface roughness was 0.3 nm.
The grain geometry of each Au thin film (Figure 3) was determined using the watershed algorithm.
The effect of the film thickness on the surface roughness and average grain size deposited on the Si
wafers is illustrated in Figure 4. Both increased exponentially with the thickness, which is consistent
with the results of previous studies [42].

15.0 nm 15.0nm
120 12.0
10.0 10.0
8.0 8.0
6.0 6.0
4.0 40
200 nm 00 200 nm 00
15.0nm 15.0nm
12.0 12.0
10.0 10.0
8.0 8.0
6.0 6.0
40 4.0
200 nm 200 nm
200 nm 00 200 nm 00

(6

Figure 2. Typical atomic force microscope (AFM) images of Au thin films deposited on Si wafers:
(a) before deposition; (b—f) deposited films with thicknesses of 15, 50, 100, 300, and 500 nm, respectively.

Figure 3. Typical AFM images of Au thin films deposited on Si wafers with grains segmented using
the watershed algorithm: (a—e) films with thicknesses of 15, 50, 100, 300, and 500 nm, respectively.
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Figure 4. Effect of thickness of Au films deposited on Si wafers on surface roughness and average
grain size.

In a previous study [43], the effect of surface roughness on spontaneous bonding was discussed
in terms of elastic deformation and energy gain due to bond formation. If bonding is to be achieved,
the elastic energy must be smaller than the work of adhesion, Wy, i.e., the energy gain due to bond
formation at the interface. If the surface profile is assumed to be a sinusoidal curve, the surface
is assumed to be elastic, and wavelength A is assumed to correspond to the average grain size,
the necessary surface roughness for pressureless bonding can be estimated using

1 — Wy ()

where R,;;s and A are the RMS surface roughness and wavelength of the bonding surface. E and v
are Young’s modulus and Poisson’s ratio. The relationship between average grain size and surface
roughness calculated with this formula is shown in Figure 5. The measured average grain size and
surface roughness of Au thin films with different thicknesses are also plotted. A thickness of 100 nm or
less satisfied the above assumptions, and pressureless bonding should thus be achieved.

2.0
= Au 300nm Au500nm
=
S 16
Zal
£
=1
—%}’ 0.8 » Au 100nm
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<§ oa | X Au 50 nm Ry _ 2(1—v2) ‘
7 Au 15 nm A nE 4
O 1 1 1 1
0 20 40 60 80 100

Average grain size D (nm)

Figure 5. Relationship between surface roughness calculated using Equation (2) and average grain
size. Measured average grain size and surface roughness of Au thin films with different thicknesses are
also plotted.
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The measured film stress is plotted in Figure 6. Previous studies reported that the residual stress
strongly depended on the sputtering parameters, especially the chamber pressure [44-46]. In this
experiment, the film stress was compressive for all film thicknesses, and the compressive residual
stress decreased to —20 MPa when the film thickness was increased to 500 nm. Moreover, the change
in the wafer bow after film deposition was less than 1 um. This means that film stress and wafer bow
due to residual stress in Au thin films should not affect bonding.

0
Y L J
é@ 50 3
6—-100 -
7
(]
= -150 |
wn
= -200 }
250 . . .
0 100 200 300 400 500 600

Film thickness (nm)

Figure 6. Residual stress in Au thin films as a function of film thickness.

The bonded area of the room-temperature pressureless bonded wafers was observed with the
SAM. Typical SAM measurement results are shown in Figure 7. Most of the wafer, except for the
particles, was bonded successfully when Au thin films with a thickness of 100 nm or less were used.
As shown in Figure 8, the bonded area was inversely proportional to the Au film thickness. When the
film thickness was 15, 50, 100, or 300 nm, there was a sufficient bonding area for a razor blade test.
Sufficient bonding strength over the surface energy of bulk Si (2.5 J/m?) [47] was obtained using Au
thin films with a thickness of less than or equal to 300 nm although the entire wafer was not bonded
when the thickness was 300 nm.
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(d) (e)

Figure 7. Typical surface acoustic microscope (SAM) images of room-temperature pressureless
wafer-scale bonding with Au film thicknesses of (a-e) 15, 50, 100, 300, and 500 nm, respectively.
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Figure 8. Relationship between bonded area and Au film thickness.

3.2. Room-Temperature Wafer Sealing in Vacuum

Measured AFM images of Au thin films with thicknesses of 15, 50, 100, 300 nm deposited on Si
wafers with cavities and glass wafers are shown in Figures 9 and 10. The RMS surface roughness of the
Si and glass wafers before film deposition was 0.2 nm. The AFM measurement results showed that
the change in surface roughness due to wet chemical etching was small, and thus, had little effect on
bonding. The grain geometry of each Au thin film was determined using the watershed algorithm.
AFM images of Au thin films deposited on Si wafers with cavities with the grains segmented are shown
in Figures 11 and 12. The relationships between Au film thickness, surface roughness, and average
grain size are plotted in Figure 13. The surface roughness and grain size increased exponentially as the
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film thickness was increased, which was consistent with the results when Au thin films were deposited
on Si wafers (Figure 4).

15.0nm
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10.0
8.0
8.0
40
200 nm 200 nm 00
(b)
15.0 nm
12.0
10.0
8.0
6.0
40
200 nm 0.0

(d)

Figure 9. Typical AFM images of Au thin films deposited on Si wafers with cavities: (a) before
deposition; (b—e) after deposition of films with thicknesses of 15, 50, 100, and 300 nm, respectively.
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Figure 10. Typical AFM images of Au thin films deposited on glass wafers: (a) before deposition;
(b—e) after deposition of films with thicknesses of 15, 50, 100, 300 nm, respectively.

192



Micromachines 2020, 11, 454

(d)

Figure 11. AFM images of Au thin films deposited on Si wafers with cavities with grains segmented
using the watershed algorithm: (a-d) films with thicknesses of 15, 50, 100, 300 nm, respectively.

(© (d)

Figure 12. AFM images of Au thin films deposited on glass wafers with grains segmented using the

watershed algorithm: (a-d) films with thicknesses of 15, 50, 100, 300 nm, respectively.
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Figure 13. Effect of Au film thickness on surface roughness and average grain size: (a) films deposited
on Si wafers with cavities; (b) films deposited on glass wafers.

The success or failure of the vacuum sealing was determined by observing the deflection of the
glass caps caused by the differential pressure between the vacuum-sealed cavities and the ambient
atmosphere. The measurement results are plotted in Figure 14. When the Au thin films were 100 nm
thick or more, the deflection was observed only in the center region of the wafer immediately after
bonding, and the deflection disappeared as the bonded wafer pairs were exposed to air. When the
films were 50 nm thick or less, the deflection did not change even after 150 days of air exposure. These
results indicated that Au thin films with a thickness of 50 nm or less could be used effectively for wafer
bonding, especially for vacuum sealing.
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Figure 14. Vacuum sealing results: percentage of cavities with a deflection after air exposure.

Moreover, the air leakage of samples vacuum sealed using Au thin films with a thickness of
15 nm measured by the time dependence of the deflection of the thin glass caps was less than
1.3 x 107 Pam?®/s [35]. This satisfied the reject limit defined by MIL-STD-883 K, method 1014
(5.0 x 1072 Pam3/s).

Cross-sectional TEM observation of the Au-Au bonded interface with 15-nm-thick Au films
was performed to investigate its microstructure. The example TEM image in Figure 15 shows that
bonding was achieved at the atomic level and that Au atoms diffused around the grain boundaries.
This indicated that good sealing could be obtained using 15-nm-thick Au films.

Figure 15. Transmission electron microscope (TEM) image of the bonded sample with a 15-nm-thick
Au film.

4. Conclusions

We investigated the effect of Au film thickness (15-500 nm) and surface roughness on
room-temperature pressureless wafer bonding and sealing by Au-Au surface activated bonding.
The RMS surface roughness and grain size of Au thin films sputtered on Si wafers, Si wafers with
cavities, and glass wafers increased with the film thickness. When the film thickness was 100 nm or
less, most of the wafer was bonded; the bonded area decreased as the Au film thickness was increased.
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Room-temperature wafer-scale vacuum sealing was achieved using Au thin films with a thickness of
50 nm or less. These results suggest that Au-Au surface activated bonding using ultrathin Au films
is useful in achieving room-temperature wafer-level hermetic and vacuum packaging of MEMS and
optoelectronic devices.
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