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Introduction

Since the inception of integrated circuits (IC) and their rapid proliferation, Moore’s Law has led to increasingly powerful
ICs while also enabling miniaturization. Advances in manufacturing processes, material science, and design techniques
have brought us to a world where microelectronics are becoming more and more ubiquitous. This includes not only a
reduction in size and cost—enabling the proliferation of sensors and controls devices that make up the Internet of Things
(loT)—but, also increasingly making the possibility of miniaturized, autonomous, self-powered microdevices a reality.’
These micro machines may operate in a variety of different environments to collect, process, and store information in

an autonomous fashion and without any connection to the power grid providing many exciting new opportunities in the
medical, environmental, engineering, petroleum, and process monitoring fields. However, increased miniaturization brings
a complex host of challenges. It is well known that as ICs shrink in size, the power demands increase requiring higher chip
operating frequencies, higher interconnect resistance and capacitance, and increased gate leakage.' Thus, future application
will demand the further miniaturization of batteries while maintaining a high energy density.

Due to their small size, often in the millimeter or centimeter range, micro-scale batteries face different challenges when
engineering and constructing the hermetic design package. These types of batteries can be found in miniaturized sensors,
microelectronic devices, and micro-electro-mechanical systems (MEMS). The feasibility of constructing such a small device
as well as minimizing extraneous, non-active weight from the packaging is critical. Here, lightweight epoxy adhesives with
tailorable rheology and flow profiles assist in minimizing weight while assisting with the challenging device construction.
Due to their unique chemistry, epoxy adhesives provide high temperature and chemical resistance while exhibiting low
permeability to atmospheric oxygen. The sensitive chemical environment within a battery cell is prone to contamination;
the outgassing behavior, cure schedule, and chemical resistance of the epoxy itself must be carefully formulated to avoid
introducing harmful chemical byproducts into the electrolyte solution that could lead to deleterious battery performance.

Application Requirements

Hermetic Sealing: Macro versus Micro

Macro-scale lithium-ion batteries used in electric vehicles, whether cylindrical or prismatic, are at a relatively advanced
state of development providing reasonably high energy densities.? Here, hermetic sealing may be accomplished via glass-
to-metal seals, laser, or ultrasonic welding techniques. Microbatteries, on the other hand, face different challenges in their
construction. These batteries are very small and are often measured in millimeters or centimeters. It is critical to maximize
the weight percentage of the active material—the material that is directly engaged in the electrochemical reactions—and
minimize the parasitic weight of the packaging material. Generally, as a battery decreases in size, its energy density will
also decrease due to the relative increase in the weight percentage of the packaging material.2 This can be thought of as
a function of the surface-area-to-volume (SA:V) relationship; at increasingly small volumes, the surface area or envelope
of the battery increases relative to the internal volume; thus, more of the battery’s overall weight shifts to the packaging
component of the battery. Regardless of size, the packaging design and the integrity of the hermetic seal is of the
utmost importance when constructing the cell. The liquid organic electrolytes found in lithium ion batteries—generally,
ethylene, dimethyl, or propylene carbonates or a mixture thereof—are volatile, and without an adequate hermetic seal, the
electrolytes will escape the confines of the battery leading to a decrease in battery performance or failure of the battery.
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Further, the hermetic seal not only keeps the electrolyte in the battery, but it must also prevent the ingress of moisture.
Moisture and oxygen have a poisoning effect on the battery—they can participate in deleterious side-reactions, promote

the formation of reactive and corrosive species like hydroxide and peroxide ions, increase the rate of corrosion at the
electrodes, and in grave circumstances, promote the formation of metallic dendrites which may result in short circuiting and
catastrophic failure of the battery. Due to the intrinsic size constraints of a microbattery, the available options for hermetic
sealing are more limited. Depending on the size, some microbatteries used in implantable medical devices will utilize precise
laser welding after electrolyte filling, but this expensive and complex process is precluded in all but the most demanding
applications.?

Microbatteries: Applications and Construction Challenges

As the battery size decreases, the relative weight proportion of the packaging envelope increases due to surface-area-to-
volume factors requiring innovative means to preserve an appropriately high energy density. Thus, the twin constraints of
size and the maximization of energy density leads to a complex host of engineering challenges. At the small manufacturing
scales needed for microbatteries, existing sealing technologies like thermal sealing are impractical. At present, researchers
are exploring the use of adhesives in combination with laser-cut gasket materials to deliver maximum energy density,
miniaturization, and while maintaining a high degree of hermetic integrity to assure long-lived operation and efficiency.

Adhesive Requirements
Adhesive Specifications for Hermetic Sealing of Microbatteries

An adhesive used for the hermetic sealing of batteries must meet a host of criteria: chemical, temperature, pressure, and
electrical resistance, minimal outgassing during cure, low permeability to atmospheric moisture, high adhesion to the
packaging envelope materials, and appropriate modulus and thermal expansion properties. Overall, the adhesive must avoid
contaminating the sensitive electrolyte solution either because of cure-byproducts or because of chemical degradation over
the operating life of the battery. Further, rheology, wetting, and adhesion properties are critical for assuring a continuous,
non-permeable seal.

An appropriate adhesive must have chemical resistance to the corrosive salts and the organic electrolyte present within the
battery; further, during operation the cell experiences high temperatures and pressures which encourage chemical attack
on the adhesive. The chemical breakdown of the adhesive poses three risks: loss of the hermetic seal with concomitant loss
of the electrolyte through volatilization, the introduction of deleterious moisture to the cell internals, and the introduction
of adhesive breakdown products into the battery itself. It is then critical that the adhesive provides the utmost in chemical
resistance while also engineering the battery such that the surface of the adhesive exposed to the internal electrolyte
solution is minimized. Generally, to minimize exposure of the adhesive to the electrolyte, a gasket material such as Kapton
or neoprene is used."? Further, the adhesive must be capable of electrically isolating the cathode and anode; thus, the
adhesive must withstand the chemical and electrical environment posed by the cell.

Permeability is another critical factor in providing hermeticity. The adhesive must have a low permeability to atmospheric
moisture; silicone adhesives offer exceptional temperature resistance; however, they suffer from high oxygen permeability.’
Polydimethylsiloxanes (PDMS) based adhesives are then precluded from use. Epoxy-based adhesives systems are then
preferred as they offer a high degree of chemical and temperature resistance while possessing suitable permeability
properties to limit the ingress of air and moisture. To some degree, permeability depends upon the chemical structure and
polymeric structure of the adhesive. However, increased cross-link density, polymer microstructure, and a glass transition
temperature (Tg) will influence the degree of permeability. Further, softening above the glass transition temperature and an
increase in the mobility of polymer chains at elevated temperatures may increase the permeability of the adhesive. Epoxy
adhesives can be formulated to provide a high Tg, high softening point, and to possess a high temperature stability and
resistance.

To maintain a hermetic seal, the adhesive must also possess properties that assure the integrity of the bond over a wide
temperature range. First, the adhesive must have a high degree of adhesion with the battery casing, usually metal, and
it must be applied appropriately to a cleaned surface to ensure strong adhesion and the absence of any weak boundary
layers. Here, the adhesive must appropriately wet the substrate surface to form a continuous interface between the
adhesive and the substrate. Further, rheological considerations such as flow and self-leveling are critical in providing a
sealing layer free of defects, cracks, and channels. As the battery may experience large temperature changes over its
operating cycle, it is important to consider factors such as the coefficient of thermal expansion (CTE) of the adhesive.
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Stresses may accumulate at the bond line as a result of differential thermal expansion, and this may potentially lead to
bond failure and a loss of hermeticity. Epoxy-based systems can be tailored to include various mineral fillers to exhibit a
wide range of CTE values to minimize thermal stresses during operation. Additional factors such as modulus, the strain
response of a material under applied stress, must be balanced such that the adhesive maintains a high degree of rigidity
and dimensional stability, while also yielding appropriately to dissipate accumulated stress and to resist cracking.

Processing Considerations

As the epoxy adhesive must serve as a hermetic seal and barrier to both atmospheric ingress and loss of electrolyte, the
formation of a seamless interface with the metal surface to be bonded is critical. Regardless of the permeability or chemical
resistance of the adhesive, if the interfacial region is not continuous, the integrity of the hermetic seal will be compromised.’
Control of the viscosity, metering, and the adhesive application method will assist with consistency in the process and in
assuring seal integrity. The rheology, viscosity, and surface tension properties of the adhesive can be tailored to improve its
ability to continuously wet-out and to strongly bond to the substrate. Care should also be taken to assure that shrinkage

of the epoxy or mismatch of CTE between the adhesive and substrate do not cause any gaps to form at the interface
during cure or after cooldown. Shrinkage is primarily related to adhesive chemistry, but it may also be affected by the cure
schedule.

Care should be extended to the mixing and degassing of the epoxy: accuracy, precision, and adherence to the
manufacturer’s guidelines with respect to mix ratios is critical to assuring proper cure. Further, degassing of the epoxy prior
to application is critical as micro-pockets of air or channels present within the cured epoxy will reduce the integrity of the
hermetic seal. Higher cure temperatures will provide a greater degree of chemical resistance and cross-link density; this is
important for minimizing leaching as well as minimizing permeability of the adhesive layer. Optimization and control of the
cure temperature is then critical for assuring the integrity of the seal.

Case Studies: Dual-Sealing Method Using Adhesives in Combination with Polymeric Gasket

A study conducted by a team at Wayne State University reported promising results in the fabrication of a 2 mm high-
temperature resistant microbattery using an epoxy that cured at room temperature in combination with a Kapton gasket/
insulator.” Their battery exhibited a discharge capacity of 62uAh at 120°C with excellent capacity retention. A sensor

duty cycle test was carried out at 120°C, and the sensor powered by the battery provided continuous data for 22 hours;
this resulting prototype also demonstrated compatibility with energy harvesting—a solar cell—to potentially lead to a
miniaturized, self-directed sensing system capable of operating at high temperatures of 120°C. Figure 1 shows a schematic
representation as well as an image of the final microbattery measuring 2 mm in size.
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Figure 1. Microbattery (2 mm) fabricated and sealed in combination with a Kapton gasket/insulator
and room-temperature curing epoxy. Note: epoxy adhesive is shown in
(e) as the black material on the external casing of the battery.’
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Researchers at the Pacific Northwest National Laboratory (PNNL) presented promising findings utilizing a dual-seal
approach in the construction of a 3 mm wide and 6 mm long cylindrical cell microbattery.?2 They utilized a combination of
a neoprene gasket and a two-component epoxy in the construction of their prototype. The MB306 type microbatteries
investigated in their study exhibited a discharge energy density of ~430 Wh/L and 240 Wh/kg at a discharge rate of
C/7—compared with Panasonic lithium coin cells, their prototype batteries exhibit twice the gravimetric density and similar
volumetric energy density, while being only one-fifth the size. Figure 2 shows a schematic of their cylindrical microbattery.
In the next section, standard testing methodology for assessing hermeticity via leak rate will be discussed.
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Figure 2. Fabrication steps used by PNNL researchers in the construction of a CFx/Li, 6 mm long
by 3 mm diameter cylindrical microbattery hermetically sealed in combination with a neoprene
gasket and a two-part epoxy. The neoprene gasket is shown as the black oval in (b). The epoxy

was applied at a thickness of <0.5 mm in (e) as a secondary, non-permeable sealing layer.?

(c) (d)

Certifications Relevant for Industrial Adhesives

The certifications required for industrial adhesive will vary depending upon their application. As the application discussed in
this whitepaper is in relation to electronic assemblies, the Restriction of Hazardous Substances (RoHS) originating from the
European Union is of particular relevance. This directive seeks to restrict the use of the following chemicals in electrical and
electronic products: lead (Pb), mercury (Hg), cadmium (Cd), hexavalent chromium (Cr¥"), polybrominated biphenyls (PBB),
polybrominated diphenyl ethers (PBDE) with additional restrictions having taken effect in 2019 further restricting bis(2-
etylhexyl) phthalate (DEHP), benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), and diisobutyl phthalate (DIBP). All
Master Bond products are RoHS 3 compliant.

Outgassing requirements, most notably NASA low outgassing requirements, seek to certify that an adhesive system will
undergo minimal outgassing during the course of its operation. Outgassing may be detrimental to sensitive electronics,
precision lens systems, and also the sensitive electrolyte components present within batteries. This standard originates
from NASA, as exposure to the vacuums of space poses particular risk for the outgassing of volatile, migratory components
trapped within adhesives or plastics. Many Master Bond products are formulated as certified to pass NASA low outgassing
requirements: total mass loss (TML) of <1% and collected volatile condensable material (CVCM) of <0.1%.

Products and Services Offered by Master Bond Inc.

Founded in 1975, Master Bond Inc. is focused on providing the best industrial epoxies, silicones, polyurethanes, polysulfide,
UV curable adhesives, and other specialty adhesive systems. The pedigree of research and development at Master Bond
starts with Dr. Walter Brenner—a renowned professor, scientist, and inventor—who co-founded Master Bond Inc and long
served as the company’s Technical Director. His pioneering work led to a suite of patents as well as to the development of
groundbreaking technology such as electron beam curing. This spirit of innovation lives on at Master Bond Inc.

The technical team of adhesives experts at Master Bond offer one-on-one consulting and will assist you through the
design, prototyping, and manufacturing process. The expert team of engineers, scientists, and technical staff can assess
the requirements of an application and can recommend a product from Master Bond’s existing catalog of 3,000 different
grades and formulations or offer a custom-formulated product based on the demands of your application.

For further information on this article, for answers to any adhesives applications questions, or for information on any Master
Bond products, please contact our technical experts at Tel: +1 (201) 343-8983.
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