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Abstract:

Compact, rechargeable batteries in the capacity range of 1-100 mAh are targeted at form-factor-
constrained wearables and other high-performance electronic devices, which have core
requirements including high volumetric energy density (VED), fast charging, safety, surface-
mount technology (SMT) compatibility and long cycle life. Solid-state lithium thin film batteries
(TFB) fabricated on thin substrates and packaged in a multilayer stack offer these attributes,
overcoming the limitations of lithium-ion batteries based on liquid electrolytes. To maximize the
VED, an anodeless architecture fabricated using a roll-to-roll process on an ultrathin stainless-steel
substrate (10-75 um in thickness) has been developed. These microbatteries use a lithium cobalt
oxide (LiCoOz2) cathode and lithium phosphorus oxynitride (LiPON) electrolyte deposited by thin
film techniques to enable key battery performance metrics. A high-device-density dry-process

patterning flow defines customizable battery device dimensions while generating negligible waste.
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The entire fabrication operation is performed in a conventional, humidity-controlled cleanroom
eliminating the need for a costly dry-room environment that allows for simplified, lower-cost
manufacturing. Such scale-up using an anodeless architecture also enables a thermal-budget-
compatible packaging and metallization scheme targeted at industry-compatible SMT processes.
Further manufacturability improvements such as the use of high-speed tests add to the overall
range of elements necessary for mass production. A perspective on requirements and opportunities

for this technology as it evolves is provided.
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Main text

Lithium battery technology has undergone rapid development in the past decades since the
discovery of layered oxide cathode material in the 1970s, and now serves as power sources for
various applications that range from portable device to electric vehicles and stationary energy
storage systems.~3 In the present lithium battery catalogue, all-solid-state battery (ASSB) provides
improved safety and energy density over the liquid electrolyte counterparts, which therefore has
garnered increased attention and research efforts in the past years.*® Sharing a similar formulation
concept, solid-state lithium thin film battery (TFB) is one of the ASSBs that utilizes solid-state
electrolyte and active electrode thin films produced via vacuum deposition techniques such as
sputtering, atomic layer deposition, etc. TFB was pioneered by Oak Ridge National Laboratory in
1992,57 where J. B. Bates et al. produced a thin film solid-state electrolyte (SSE) named lithium
phosphorus oxynitride (LiPON) by substituting 5%-8% of O with N in LisPO4 via radio-frequency
(RF) sputtering in nitrogen atmosphere.®

LiPON then rapidly drew research attention in the ASSB field. On one hand, TFB typically
consists of layered architecture with well-defined interface cell geometry, which serves as an ideal
platform for fundamental research on interfaces and electrochemical behaviors within the
system;®° More importantly, LiPON exhibits exemplary cyclability with a vast choices of
electrode materials, i.e., LiC002,° LiMn204,2°% LiNiosMn1504,'! LiaTisO12,*2 Si,*3# and Li
metal, %12 etc. TFBs employing lithium phosphorus oxynitride (LiPON) solid electrolyte have
demonstrated remarkable high-voltage compatibility (up to 5V) and high capacity retention over
thousands of cycles with low rates of self-discharge.'1°

Given the promise of LiPON material in battery applications, many sensed the opportunity

of commercializing LIPON-based TFBs. Right after the birth of LiPON, the first TFB patent was
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issued in 1994 and was commercially licensed.'® In the following years, several others joined the
effort of LIPON commercialization.'”*® Although the market has seen promising LiPON-based
products during the rapid-development timeframe, the products remained confined to niche
applications.'®?° Key limitations include the following: The thin nature of cathode material in TFB
and single-layer cell configuration determines that the energy stored in such limited devices is
suited mainly for small-capacity applications. In addition, the small area form factors primarily
used thick, rigid substrates (e.g. silicon or glass) that largely limit the versatility and VED of the
resulting cells.

Meanwhile, other research efforts have attempted to increase the yield of LIPON synthesis
in order to make it compatible with bulk-scale ASSB. Mufioz et al. obtained LiPON glass via
ammonolysis in a tube furnace after heat treatment from 600 °C to 750 °C. However, the ionic
conductivity of LIiPON glass was compromised by two to four orders of magnitude compared with
its thin-film analogue.?* Alternative methods such as plasma-torch-assisted synthesis?? and ball
milling?® were able to produce LiPON in large batches, but these processes have also generated
issues like high interfacial impedance between particles or altered LiPON properties.

Fresh attention was placed on LiPON with the comeback of Li metal anode in the battery
field around late 2010s.2432 Due to the superior electrochemical stability of LiPON against Li
metal anode shown by Dudney et al. in 2015, LiPON has great potential to enable Li metal
batteries as either SSE or protective coating layer. Fresh insights gained on the interfacial
chemistry between Li metal and LiPON also shed light on interface engineering in bulk Li metal
batteries.®334 LiPON-based TFBs gained popularity with an anodeless configuration that could

largely increase the cell energy density.
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Concurrently, the miniaturization of electronics has been a trending direction due to the
advancement in wearable, hearable and implantable technologies. Compact electrochemical
energy storage components that can be integrated to power the electronic system for the life of the
device are increasingly needed at commercial scale.® LiPON-based TFBs serve as a solution as
they offer significantly higher energy density and provide form factor flexibility due to its
modifiable cell dimensions. However, the current TFB market requires technology and
manufacturing breakthroughs at large scale to meet a higher volumetric energy density (VED).
Most commercial batteries using thin film technology have been restricted to low capacity, low
VED niche applications primarily due to the substrate choice. Common substrate materials for
TFB fabrication include alumina, silicon, sapphire, mica etc. which are typically thick, rigid,
electrically insulating, brittle and expensive. These features lead to low VED, limited area form
factor that limits such TFBs to niche applications with capacities in the range around 250 pAh,
unsuitable for mAh-class applications.

Figure 1A plots the VED of TFB with various cell configuration and materials (Detailed
parameters used for calculation listed in Table S1). In depicted three cases, lithium (Li) metal
serves as anode material since it provides the highest capacity and high cell voltage; LiPON serves
as solid-state electrolyte, for its excellent stability and cyclability against varying electrode
materials; Lithium cobalt oxide (LiC0Oz2) is chosen as cathode material because of its fairly high
electrode potential against Li anode, high capacity and good cycling stability. For lab-scale
development, LiCoO: thickness is usually targeted around 4 um and common material such as
alumina (Al203) is used as substrate, which combined gives relatively low VED due to the low
cathode loading and high substrate volume.'®> In some commercially available TFB products,

cathode thickness is targeted at 7-10 um.*®¢ Nevertheless, due to the use of mica-based substrate
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that is over tens of microns thick, cell VED is limited to below 200 Wh/L, not to mention the
additional wasted volume on packaging materials. To boost the VED significantly, two approaches
are key.

The first is to employ an anodeless configuration, where a Li metal anode is not deposited
during cell fabrication but instead formed in situ during the first charge cycle. Several merits come
with this approach. No Li metal deposition is needed during manufacturing, which simplifies the
manufacturing environment and process flow, avoiding potential air exposure during subsequent
operations. The absence of Li metal anode enables reflow soldering process while attaching onto
PCBs (printed circuit boards) as the typical temperature of reflow soldering (235 °C) leads to Li
metal melting.3® As there is no extra lithium source, anodeless TFB does not have the concern of
over discharging during battery operation that can cause irreversible cathode material

degradation.t®
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Figure 1. (A) Schematics of Li metal thin film batteries with different cell architectures and
corresponding VEDs. (B) VEDs of SS-based anodeless thin film battery with varying SS
thicknesses

The second component for boosting VED is to use an ultrathin substrate and reduce the

packaging material volume to minimize the inactive volumetric component at the product level.
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Note that a high utilization of thin film cathode capacity requires high temperature annealing of
the cathode during or post deposition.3” Therefore, a thin, high-temperature-compatible and low-
cost substrate is needed, such as stainless steel (SS). As such, the third cell configuration in Figure
1A employs an anodeless approach on a thin SS substrate (10-um thick), which can yield an
unpackaged VED up to 1232 Wh/L when a 10-um-thick LiCoOz2is used. Thin SS substrate is not
only crucial for improving VED, but also bringing merits for manufacturing as it is electrically
conductive, flexible and less costly than the substrates typically used for TFB manufacture. Figure
1B further demonstrates the impact of substrate thickness on the VED of TFB. As SS substrate
thickness increases from 10 um to 100 um, the corresponding entitlement VEDs drops from 1163
Wh/L to 227 Wh/L when the cathode utilization is around 94%, emphasizing the essence of
utilizing thin substrates with high cathode utilization efficiency.

As such, we demonstrate a successful employment of anodeless configuration in TFB where
a thin SS substrate is used. The combination of thick LCO cathode (10 um in thickness) and thin
substrate are able to deliver a much-improved VED. Beyond the battery performance, a roll-to-roll
deposition strategy and single-step patterning process are applied which greatly increases the
manufacturability on thin substrates. The operation is performed in a standard clean room under
normal humidity control without any wet chemical used or generated, further reducing the
production cost while minimizing waste and environmental impact. Subsequent high-speed
parallel cell parametric electrical measurement is employed to quantify battery characteristics prior
to subsequent cell stacking operations. Such products have great potential for the market
applications of the internet of things (1oT), hearables and wearables where the need for battery

capacity is in the range of 1-100 mAh which are form-factor and space constrained.
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In typical TFB fabrication, as most of the substrates are made of rigid, thick materials, a roll-
to-roll manufacturing process is not feasible. For ultrathin and flexible substrates, a manufacturing
flow was developed as depicted in Figure 2. Figure 2A shows the general procedure for efficient
TFB manufacturing. After deposition, high-resolution patterning is applied to define and isolate
the individual cells from each other, which subsequently goes through battery parametric
measurements and inspection. With deposition and annealing parameters well-tuned, such roll-to-
roll process produces high-quality LCO cathode as shown in Figure 2B. Cross-section
examination by focused ion beam scanning electron microscopy (FIB/SEM) in Figure 2C
illustrates a dense 10-um-thick LCO cathode film with minimal number of voids observed. The
LCO cathode film further manifests a preferred (012)-crystal-orientation based on X-ray
diffraction (XRD) result in Figure 2D, which facilitates lithium-ion transport at cathode-
electrolyte interface. Figure 2E shows the subsequent workflow after the impedance inspection,
where cells are singulated from the sheet and go through a stacking process including
encapsulation and metallization to form the final product. Owing to the anodeless nature of such
TFB, cell handling after singulation takes place in normal cleanroom environment, with no dry

room needed, which further brings down the production cost.
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Figure 2. (A) Schematic of the high-throughput roll-to-roll deposition. (B) Photo of an annealed
roll-to-roll LCO sheet. (C) Cross-section FIB/SEM image of annealed roll-to-roll LCO. (D)
XRD result collected on LCO sheet. (E) Schematic of the dry-process manufacturing flow.

The schematic in Figure 3A illustrates the high-resolution patterning process required for
high-throughput production. The battery sheet after deposition is patterned, resulting in electrical
isolation of each cell with defined dimensions. Unlike previously reported procedures where wet
acidic and basic chemicals are typically used for pattering purpose,®® the patterning process
developed in this work is performed under dry conditions. Figure 3B displays a photo of singulated
patterned cells. The cells show uniform dimensions as targeted by the patterning process. Based
on the dimensional footprint requirements, such a patterning process can accurately tune the form
factors of the final product. The passing single cell units are assembled to build stacked multilayers

as shown in Figure 3C. Stacked cells connected in parallel share the same pair of terminals for
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electrochemical cycling while isolated from each other by insulating packaging films between each
layer. Such a packaging process is the enabler for producing stacked cells (Figure 3D) with various
capacity ranges to meet different application needs. Due to the adjustable dimensions of the single

cell base unit, the stacked cell can fit in a variety of product dimensions as required.

A

Blanket Films Fully-Patterned Cells by
dry process

Terminal Packaged
C Endcaps Battery with
Section View

Stacked Cells

Figure 3. (A) Schematic of the dry-process cell patterning and singulation. (B) Photo of the
singulated cells. (C) Schematic of the stacked cells with cross-section view. (D) Photo of the
stack cells.

Along with the mass production of singulated cells, a production-grade electrochemical test
methodology is needed for high-speed parallel-site testing. A customized roll-to-roll compatible
test setup is used to perform electrochemical measurements including open-circuit voltage (OCV)

and electrochemical impedance spectroscopy (EIS), etc. at the sheet level. After measurement, the
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OCV or impedance values are extracted and plotted in accordance with the physical location of
individual cells to form a heat map as the OCV mapping illustrates in Figure 4A. Based on the
OCV and impedance values, single cells are binned (similar to semiconductor testing), in order to
predict battery performance and quality. Figure 4B displays a typical EIS curve of a single cell,
showing a low cell impedance. The singulated cell can be then transferred to a battery cycler for
electrochemical sample testing. Figure 4C demonstrates the cycling performance example of a
singulated cell. The capacity retention is able to reach approximately 95% after 150 cycles. As
shown in Figure 4D, the singulated and multilayer stacks are cycled with an industry-compatible
potentiostatic charging and a galvanostatic discharging step. By multilayer stacking, the accessible
discharge capacity achieves mAh capacity with all the layers connected in parallel and functional.
The test methodology classifies the quality of singulated cells in large batches with EIS-based

process control.
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Figure 4. (A) Open-circuit voltage heat map generated based on high-throughput
electrochemical measurement. (B) EIS plot of a full cell showing the low cell impedance.
(C) Cycling performance of anodeless full cell. D) Voltage curves of the single-layer cell
and multi-layer mAh-class cell.

Conclusions and Outlook

In summary, a manufacturing process flow that incorporates roll-to-roll production on
ultrathin stainless steel in a dry-process manufacturing is demonstrated with an anodeless cell
architecture. Customized form factors with ultrathin packaging deliver industry-leading
electrochemical performance and VED for space-constrained product formats. Methodologies

such as high-throughput patterning, high-speed electrochemical testing and multilayer stacked
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packaging are critical towards commercializing high-VED TFB with considerably flexible form
factors and long cycle life.

To this end, several aspects can be considered for future development of high-VED TFB.
First, as VED is expected to see a large increase with thinner substrates, exploring new options of
suitable substrates and reduced substrate thickness are potential ways to further boost the VED of
TFB, in addition to reducing thickness of inactive packaging materials. The second aspect is to
produce TFB with higher cell capacity by increased cathode thickness and using higher-capacity
cathode materials, both of which are challenging especially when the cycle life needs to be on par
with currently available 10-um LCO cathode. The use of flexible 10-um-thick stainless-steel
substrates offers tremendous new options to product designers in the form of curved and bendable
shapes that are mechanically robust. As this technology combines microelectronics manufacturing
with battery chemistry, the needs for higher throughput deposition techniques, low defectivity of
source materials, high-speed inspection, and test methodology grant rich opportunities for industry

and academia to collaborate and enable entirely new generations of end products.
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