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Abstract: Laser material processing is emerging as a critical manufacturing technology in
the advancement of solid-state lithium batteries (SSLBs), offering numerous advantages
in precision, efficiency, and versatility. This mini-review explores the applications and
benefits of laser material-processing techniques, such as laser sintering, laser cutting, laser
surface cleaning, laser ablation for nanoparticle generation, and pulsed laser deposition,
in the fabrication and performance enhancement of SSLBs” materials and components.
It will demonstrate that laser material processing can enhance material properties such
as density and surface morphology, improve ionic conductivity and reduce interfacial
resistance. Laser material-processing techniques are adaptable to a variety of materials,
including polymers, metal oxides, metal sulfides, and metals, making them suitable for
processing various SSLB components like electrolytes, electrodes, and current collectors. In
addition, the use of laser material-processing technologies reduces manufacturing costs
by minimizing material waste and streamlining production processes. Looking forward,
integrating laser material processing with other advanced manufacturing technologies,
such as roll-to-roll (R2R) manufacturing, for SSLBs holds promise for further scalability and
efficiency. It is expected that laser material processing will be positioned to significantly
contribute to the development of safer, more efficient, and cost-effective SSLBs, supporting
their broader adoption across industries and paving the way for future innovations in
energy storage technology.

Keywords: solid-state lithium batteries; laser material processing; laser ablation; laser
sintering; laser cutting; laser surface cleaning; pulsed laser deposition; nanoparticles; solid
electrolyte; impedance; anode; cathode

1. Introduction

The development of battery and energy storage technologies is key for the world’s
electrification, particularly for electric vehicles. Li-ion batteries have gained the most at-
tention worldwide, with large investments made by governments and companies across
the world. However, Li-ion batteries still have the challenges of relatively low energy
density, slow charge rate, and flammability relating to the use of organic liquid electrolytes.
Solid-state lithium batteries (SSLBs) that use metallic lithium for the anode and metal
oxides or sulfides for the cathode potentially offer much higher cell voltage and energy
density than that of lithium-ion batteries and, therefore, can boost the performance and
extend the range of EVs. SSLBs are also cost-effective and have a wider operating tem-
perature than conventional Li-ion batteries that use liquid electrolytes. The structure of
an SSLB cell is schematically illustrated in Figure 1a. It consists of a cathode (or positive
electrode), which can be a metal oxide or sulfide (e.g., LiCoO,, LiFePOy, NiS), a ceramic
or solid polymer electrolyte (e.g., lithium lanthanum zirconium oxide (LLZO)) that also
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works as the separator, an anode made of lithium metal (e.g., pure lithium or its alloys),
and current collectors for the electrical contact with both the anode and the cathode (e.g.,
Al and Cu). The use of the solid electrolyte obstructs the growth of lithium dendrites at
the anode/electrolyte interface and, therefore, allows the use of higher-energy-density
lithium metal as the anode [1]. As the key component of SSLBs, the solid electrolyte plays a
key role. It can offer improvement in the active material-electrolyte interface formation,
cycling performance, and mechanical strength, since it eliminates the lithium-ion battery’s
interface issue, which results from side reactions occurring at the interface between the
electrode materials and the liquid electrolytes. The reactions cause the formation of a
passivation layer that increases the interfacial resistance and degrades battery performance.
However, the challenges of using solid electrolytes, such as poor physical contact and
mechanical stress, which create high interfacial resistance, need to be carefully mitigated.
Solid electrolytes used in SSLBs include oxides, sulfides, phosphates, and solid polymers.
The development of highly ionic conductive and stable electrolytes is the most critical
requirement for advancing SSLB technology. Currently, LLZO, a garnet-type oxide material,
has gained the most interest due to its high ionic conductivity, good chemical stability with
lithium metal, and overall durability, making it a leading candidate for solid-state lithium
metal batteries [2,3]. Lithium lanthanum titanate (LLTO), with a perovskite structure (i.e.,
ABO3), has also gained a lot of attention due to its high bulk conductivity (1072 S cm™1)
at room temperature and its excellent chemical stability [4]. LLTO has many advantages,
including negligible electronic conductivity, high voltage stability (>8 V), and atmospheric
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and temperature stability. Higher ionic conductivity in the range of 10~% to 1072 S cm™
room temperature was achieved by sulfide-based solid electrolytes, such as glassy sulfides
represented by the binary systems, i.e., Li;S-SiS;, Li,S-P,Ss and Li;S-GeSy, LizP3S11.«, and
ternary systems by adding other compounds, such as Li3N or Lil. In particular, LiyP35;11
can reach 1.7 x 1072 S cm ™! at room temperature after it has gone through thermal treat-
ment optimization. As alternatives to those glassy sulfide solid electrolytes, Lizx(P1-xMx)S4
(M = Si, Ge, 5n), LijgMP;5;1> (M = Si, Ge, Sn), and LigPSsX (X = Cl, Br) are also gaining
increasing attention. However, sulfide-based solid electrolytes have limited chemical and
electrochemical stability, resulting in narrow thermodynamic electrochemical stability win-
dows [5]. Due to the characteristics of high ionic conductivity, excellent chemical stability
with cathode materials, and a broad electrochemical potential window, halide materials,
such as LisMClg (M = In, Er, Sc, Ho, Y), have also become very attractive solid electrolyte
candidates for SSLBs. However, many challenges, such as moisture sensitivity and anode
interfacial instability, have to be overcome [6]. Other solid electrolytes that were investi-
gated include lithium phosphorous oxynitride (LiPON) [7], lithium superionic conductor
(LISICON) such as y-LizPOy-type Lis 75Geg 75P0.2504 [8], other perovskites, etc.

SSLBs are intrinsically safe, since no liquid electrolyte is used. Therefore, it has great
potential for a wide range of applications, including mobile devices, EVs, and grid storage.
In addition, the miniaturization of SSLBs (i.e., micro batteries) by using thin-film deposition
technologies allows their use in on-chip micro devices, portable/wearable devices, micro-
electronics, and biomedical implants. SSLBs are expected to achieve significant market
penetration and are currently the target of intense R&D activities worldwide. Research
into low-cost and scalable manufacturing processes is crucial for enabling economic and
industrial-scale production of SSLBs. The laser is an excellent material processing tool
suited for manufacturing SSLBs. Examples of using a laser beam for the processing of
SSLBs include laser sintering, laser nanoparticle generation, laser ablation surface cleaning,
laser cutting, and pulsed laser deposition, which are schematically illustrated in Figure 1b.
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Figure 1. (a) The structure of a solid-state battery and (b) various laser processes used for SSLBs.

There are five main types of lasers, including gas lasers, solid-state lasers, fiber lasers,
liquid lasers (i.e., dye lasers), and semiconductor lasers (i.e., laser diodes), that can be
chosen for these applications to process SSLBs. A laser outputs either pulses or a continuous
wave. Pulsed lasers can be classified as nanosecond, picosecond, and femtosecond lasers,
depending on their pulse duration. Longer pulse lasers are generally more cost-effective
than shorter pulse lasers, while shorter pulse lasers generally improve machining quality
and the material removal rate. A pulsed laser can produce peak power greater than its
average power. Therefore, it is a very efficient energy source for spot welding and seam
sealing of battery tabs for single cells when a small heat-affected zone is needed. In contrast,
continuous-wave lasers can generate heat that penetrates deep into materials at high
processing speeds and are a good option for the high-speed seam welding of battery tabs to
terminals. The choice of a laser for processing SSLBs depends on the material /components
being machined, the desired machining quality, and the cost. Nanosecond lasers have high
ablation efficiency, making them suitable for the evaporation and deposition of thin films for
SSLBs’ cathode and solid electrolyte, while femtosecond lasers can enable cold processing
of materials, providing high surface finishing, and are suitable for the micromachining and
patterning of SSLBs’ solid electrolyte and cathode components. Picosecond lasers have a
relatively high ablation rate and can be effective at controlling the heat-affected zone in
metal machining, which are suitable for micro-machining Li anode and current collectors.

The primary wavelengths for lasers include the ultraviolet, visible, and infrared
regions of the light spectrum. Ultraviolet lasers consist of wavelengths between 180 and
400 nanometers (nm), while visible lasers consist of radiation with wavelengths between
400 and 700 nm. The infrared lasers cover wavelengths between 700 nm and 1 mm. Laser
wavelength is a critical factor that significantly impacts the laser material processing. Laser
wavelengths determine how lasers interact with different materials, affecting absorption,
penetration, and precision. The ultraviolet wavelength is short, and therefore, material
processing can achieve better precision and accuracy. Since most materials absorb light
strongly at the ultraviolet wavelength range, therefore, ultraviolet lasers are best for surface
cleaning, as well as for the evaporation and deposition of thin films. An infrared wavelength
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can penetrate the materials, enhancing absorption. As a result, the material surface heats
up, leading to vaporization, making infrared lasers a popular choice for cutting. However,
their higher reflectivity can pose challenges in some applications.

The main advantage of using laser material processing for SSLBs is the ability to
process all of the SSLBs” components, including metallic current collectors, the Li metal
anode, the metal oxide or sulfide cathode, and the ceramic and polymer solid electrolytes.
This can be conducted by simply adjusting the laser’s parameters, such as peak power,
wavelength, and pulse duration. Laser material processing is a non-contact technique,
which prevents contamination of the SSLBs” materials and components. In addition,
the laser process can be easily automated thanks to its high speed, high accuracy, and
repeatability. The laser process can machine very small features down to the micron level,
allowing for the interfacial engineering of SSLBs in the microscale. Laser processing has
replaced a variety of traditional material-processing applications, such as cutting and
welding, in manufacturing batteries. The use of laser energy to process SSLBs has made
tremendous progress and is now at the forefront of battery-manufacturing applications.

This mini-review describes recent advances in using lasers to process materials and
components for SSLBs. The laser process technologies presented in this review include
(i) laser annealing/sintering; (ii) laser nanoparticle generation; (iii) laser ablation surface
cleaning, (iv) laser cutting; (v) other laser machining processes such as interfacial engineer-
ing and drilling; and (vi) pulsed laser deposition. The mini-review will demonstrate that
using lasers for the processing of SSLBs can give rise to high performance hard to achieve
by other conventional materials processing.

2. Laser Ablation and Machining of Materials and Components in SSLBs

Laser material processing involves using high-energy laser beams to sinter, modify,
or precisely remove material from a surface. The technology can be used to modify
surface properties to improve adhesion, roughness, microstructures, phases, and wettability
and to create intricate patterns and structures, which are required in SSLB materials and
components. The technology plays a crucial role in optimizing interfaces between solid
electrolytes and electrodes, reducing interfacial resistance and enhancing ionic conductivity.
Laser material-processing technologies are increasingly being explored for the fabrication
and enhancement of SSLBs, offering significant advantages in precision, efficiency, and
material versatility. The roles and benefits of the laser material-processing technology will
be illustrated in the following examples.

2.1. Laser Sintering

Producing a metal oxide solid electrolyte plate by traditional sintering techniques,
such as solid-state sintering, requires several hours of processing of the metal oxide powder
at a high temperature but below its melting point. Although those processes have been
proven to yield desirable crystal structures, the low ionic conductivity of metal oxide solid
electrolytes after sintering that resulted from inferior microstructure and lithium loss is still
a significant challenge. In addition, due to their intrinsic brittleness and air sensitivity, the
fabrication of high-performance metal oxide solid electrolytes for SSLBs remains highly
difficult.

Laser annealing/sintering uses a laser beam to heat the surface or a specific area of a
metal oxide solid electrolyte plate locally, followed by rapid cooling to modify its properties,
such as density and crystal structures. Laser annealing/sintering allows for heating only
the surface while not damaging the underneath structure, which is very useful for the
direct fabrication of a metal oxide solid electrolyte layer over the cathode or anode in an
SSLB cell. Additionally, the depth of the sintered layer can be controlled by selecting the
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laser parameters, such as wavelength, pulse duration, and energy. For example, ultraviolet
lasers having a short absorption depth are suitable for heat treatment of only the top surface
layer of the oxide solid electrolyte to modify its properties and facilitate the deposition of
the cathode active materials. The infrared laser can penetrate deeply into the materials,
enhancing the sintering of thick cathode and electrolyte layers.

In SSLBs, it is necessary to mix the cathode active material particles with the highly
Li* conductive solid electrolyte particles to generate a hybrid cathode with a high ionic
conductivity, since the ionic conductivity of the cathode material itself is usually not high
enough. Mixed particles of cathode active material and electrolyte must be sintered to
form a dense layer so that it will function properly. Since the laser sintering process
enables short interaction times at elevated temperatures, diffusion between active materials
and electrolytes and the formation of unwanted phases could be reduced. L. C. Hoff
et al. [9] investigated the use of the laser sintering method to treat the surface of a screen-
printed mixed cathode layer in an SSLB cell to achieve higher ionic conductivity. The
multilayer SSLB cell used in their study is schematically shown in Figure 2. A thin metallic
substrate made of steel is used as the current collector. On top of it, a mixed cathode
layer, a LiyLa3Zr,O1, (LLZO) solid electrolyte layer, and a Li anode layer were deposited
subsequently by screen printing from their pastes. The cathode layer consists of a mixture
of cathode active material (e.g., lithium cobalt oxide (LCO) or lithium nickel manganese
cobalt oxide (NMC)) and the solid electrolyte LLZO.

I

e. g. Li-metal
Ceramic electrolyte (approx. 10 pm)
Lithium-lanthanum zirconate (LLZ)

o e e e e e e e e Mixed cathode (approx. 100 pm)
l.-.I.III.I.I.I.I.I.I.I.I.I.I : -
G e e Electrolyte and cathode active material
A E NN EEENEEEENEN

Metallic substrate (approx. 100 pm)
as current collector

Figure 2. A solid-state battery layer structure. Reproduced from [9], copyrighted of SPIE.

The multilayer SSLB cell was thermally treated and sintered to achieve good interfacial
contacts. Since conventional oven sintering (Figure 3 left) needs long interaction times (in
the range of minutes), it leads to element diffusion between the materials and induces their
crystal structure changes, resulting in undesirable phases. Laser sintering (Figure 3 right)
that uses laser radiation to heat and melt particles is characterized by short interaction
times in the sub-second range. Due to the shorter interaction times, the diffusion between
particles is limited. Therefore, the crystal structure of the particles can be maintained. In
addition to oven and laser sintering, rapid thermal processing (RTP) using light to heat and
sinter (in seconds to minutes) was also used by the authors for comparison.

An infrared laser with a wavelength of 1470 nm and a maximum laser power of 250 W
was used by the authors to scan the surface of the mixed cathode at a selected speed
with the help of a two-axis motion system (Figure 4a). The infrared wavelength was used
because it can penetrate deeply into the materials, enhancing the sintering of the mixed
cathode. Figure 4b shows the XRD diffraction patterns of an untreated, laser-sintered, and
RTP-processed mixed cathode. The XRD patterns show an increase of undesired lanthanum
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(a)

cobalt oxide (LaCoOs3) phases and a decrease in LCO and LLZO phases for all the sintered
mixed cathode layers compared to the untreated one. However, the laser-sintered mixed
cathode layer shows a lower percentage of the unwanted LaCoO3 phase than that of the
RTP-treated cathode layer. The results demonstrated that the laser-sintering process is best
for the preservation of desired crystal phases for LLZO and LCO, which is important for
maintaining the good electrochemical properties of the SSLB.
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Figure 3. A comparison of oven sintering and laser sintering. Reproduced from [9], copyright of
SPIE.
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Figure 4. (a) Experimental set-up and picture for laser-sintering process; (b) XRD patterns of
untreated, laser-sintered, and rapid thermal-processing-treated mixed cathode layers. Adapted
from [9], copyright of SPIE.

Recently, A. Santomauro et al. [10] also used a laser rapid reactive sintering method
to prepare fully dense LiyLa3Zr,O1,-based solid oxide electrolytes. By optimization of
the laser parameters, electrolyte precursor composition, and controlled atmospheres, they
were able to produce solid oxide electrolytes with low lithium element loss, a desired
crystal phase/microstructure, and high ionic conductivity. A. Hasani et al. [11] used a
reactive laser-sintering process to generate high density and low low Li loss and pure
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LLZO phase solid electrolyte with various grain structures that allow them to optimize
the ion transport properties of the LLZO and its interface with active materials. H. Wehbe
et al. [12] investigated the effects of laser pulse frequency and pulse width of an infrared
laser with a wavelength of 1062 £ 3 nm on the topology and morphology of the laser-
sintered NASICON-type, Lij AlTip«(POy4)s3, solid electrolyte pellets. They found that
the arithmetic surface roughness and depth of the sintered layer of the pellets were the
key factors that affected the properties of the electrolyte. Other works reporting the laser
sintering of solid electrolytes include P. Kaya et al. [13], who sintered Lig gLa3Zr ¢Tag 4012
(LLZTO) with near-infrared and middle-infrared lasers at varying process parameters,
such as laser power, scan speed, and track overlap, to optimize the sintering process of a
solid electrolyte for solid-state batteries. G. Ryoo et al. [14] used an infrared laser of short
and ultrashort laser pulses to sinter ceramic solid electrolyte Lij, Al Tip«(PO4)3 and then
used scanning electron microscopy to analyze its surface quality to understand the melt
formation at high fluences with pulse bursts.

In summary, the laser sintering of powders of a metal oxide solid electrolyte or cathode
or their mixtures offers advantages such as short processing time to avoid interdiffusion
of constituent materials. In addition, by adjusting the laser parameters and powder char-
acteristics, it is possible to tailor the properties of the sintered ceramic solid electrolytes
and cathodes. However, rapid heating and cooling during laser sintering can introduce
internal thermal stresses, potentially leading to cracks in the final SSLBs” components. Also,
due to the high temperatures involved in the sintering process, components of SSLBs can
experience shrinkage during cooling, leading to potential dimensional inaccuracies.

2.2. Laser Generates Solid Electrolyte Nanoparticles

Polymer-based solid-state electrolytes are an alternative to metal oxide electrolytes for
SSLBs. Poly(ethylene oxide) (PEO)-based solid-state electrolytes have the benefit of low
cost, non-flammability, and can block Li dendrite formation and growth, thus offering a
great benefit for SSLBs. However, the tendency of PEO to form a crystalline phase obstructs
its Li* migration and, thus, reduces its Li* ionic conductivity. Various approaches, such as
adding ion-conductive metal oxide particles, to promote the formation of amorphous phase
in various regions were exploited. Among these methods, incorporating Li conductive
metal oxide particles into the PEO matrix has been recognized as one of the helpful ways to
improve its ionic conductivity, mechanical properties, and interfacial stability. For example,
adding 10 wt% bulk LLZTO into the PEO electrolyte membrane caused a conductivity
enhancement of up to an order of magnitude [15]. Reducing the particle size of the metal
oxide particles from the microscale to the nanoscale could further provide a higher surface
area, which allows for increased interfacial contact with the PEO, thereafter increasing
the Li* ion conduction pathways [16]. Laser ablation for nanoparticle synthesis uses a
laser beam with a high pulse energy and short pulse duration, such as a KrF excimer
laser to irradiate and vaporize material from its surface, which then rapidly cools and
condenses, forming nanoparticles with controlled sizes and compositions. This method
can be conducted in vacuum, gas, or liquid environments, offering versatility in producing
various nanoparticles. Compared to laser sintering, which uses a laser beam to heat and
bond particles without fully melting them, laser ablation involves the removal of material
from its surface through heating and vaporization. Y. Su et al. [17] reported the use of a
liquid-phase laser ablation process to in situ generate nanoscale Lig 4LazZr; 4Tag O12 parti-
cles (Nano-LLZTO). In their works, large LLZTO particles (Bulk-LLZTO) were dispersed
into the polyethylene glycol (PEG)/acetonitrile (ACN) solution by ultrasonication. Then,
the mixed dispersion was irradiated with a Nd: YAG laser (pulse width of 10 ns, repetition
rate of 30 Hz, and laser fluence of 152 mJ pulse—1 Cm_z) with a wavelength of 355 nm,
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as shown in the schematic diagram in Figure 5a. The use of the third harmonic genera-
tion, 355 nm wavelength, of Nd:YAG lasers (1064 nm) is to allow for more light-energy
absorption by LLZTO particles, which is beneficial for nanoscale particle formation. After
laser irradiation, the authors found that the Bulk-LLZTO was converted into spherical
nanoparticles with a uniform particle size distribution (Figure 5c). From the high-resolution
TEM image (Figure 5d), the lattice spacing of 0.26 nm was determined, corresponding
to the interplanar d-spacing of the (422) plane of LLZTO. Based on the TEM image, they
determined that the average size of Nano-LLZTO is ~ 8.3 nm. The chemical composition
of LLZTO was also analyzed by the energy-dispersive X-ray spectroscopy elemental map-
pings (Figure 5e), which show the homogeneous distributions of La, Zr, Ta, and O over
LLZTO particles. The XRD pattern of Nano-LLZTO is shown in Figure 5f. The characteristic
peaks of Nano-LLZTO are almost essentially as those of pristine LLZTO (JCPDS: 80-0457),
revealing that the laser irradiation does not induce a change in the crystal structure of
LLZTO. The composite electrolyte that consists of PEO and PEG-coated Nano-LLZTO was
prepared by the solvent-casting procedure, accompanied by hot pressing. The as-obtained
electrolyte was named as Nano-LLZTO CSE.

Pristine particles

Nanoparticles

JCPDS: 80-0457

‘ | “ ||. |.' Iu. u:lll 1M

10 20 30 40 50 60
2 Theta (degree)

Intensity (a.u.)

Figure 5. LLZTO before and after laser irradiation, (a) The schematic diagram of the laser irradiation
process. (b) The SEM image of the LLZTO before laser irradiation. (c¢) The TEM image of laser-
irradiated LLZTO. (d) The HRTEM image of laser-irradiated LLZTO, (e) The corresponding elemental
mappings of La, Zr, Ta, and O of laser-irradiated Nano-LLZTO colloids in the presence of PEG.
(f) XRD patterns of the LLZTO before and after laser irradiation (in the absence of PEG). The inset in
Figure 6b is the digital photo of the LLZTO suspension before irradiation. The insets in Figure 5c
are the digital photo and a size distribution histogram of Nano-LLZTO suspension after irradiation.
Reproduced with permission [17], copyright of Elsevier.



Batteries 2025, 11, 128

9 of 31
(a).-"400 —
'o Lz:"'u(*v TR ﬂ\zrmx-_-_-_mm_-IJ 0032
< RO XOC BT S
< ¢ >
£ 300- L80 £
St [ Y]
= o Nano-LLZTO CSE 00 ©
O 2004 » Bulk-LLZTO CSE o =
© [ V)
a P pr
S £ : : 40 5
2
lg 100 4 ‘ £
by — 20 ©
O A o :
g- 100mA g, 60°C o)
o 0 - 0o O

100 200 300 400 500 600 700 800
Cycle number (n)

o

ﬁ
N
)

N

]

)

—

0O

N

' 4.04 unit: mA g'
ﬁ 25 50 ,25,,,‘,,
£ 1504 %30 100 P
= P a0 ° 364
= %y 200 250 o
© 100- R 1
g 5
(0] 3 3.2
o =3
© 504 —_—25 50
= 100 —— 150
. —— 200 —— 250
8 Unit: mA g 2.81 __Retumnto 25
w 0 L Ll Ll Ll L Ll L Ll
0 10 20 30 40 50 0 40 80 120 160

Cycle number (n) Specific capacity (mAh g™)

Figure 6. (a) Cycling performance of LFP | Nano-LLZTO CSE | Li and LFP | Bulk-LLZTO CSE | Li at
100 mA g*1 at 60 °C. (b) The rate performances of LFP | Nano-LLZTO CSE | Li at 60 °C. (c) Charge—
discharge voltage profiles of LFP | Nano-LLZTO CSE | Li at different current densities. Reproduced
with permission [17], copyright of Elsevier.

The LLZTO-filled PEO electrolyte was evaluated by the authors in full cells inside of
which LiFePO, (LFP) is used as a cathode and Li metal as an anode. The LFP | Nano-LLZTO
CSE | Li cell exhibits the initial charge and discharge capacity of 144.5 and 136.4 mAh g~!
at a current density of 100 mA g~ at 60 °C, respectively, correlated to the initial coulombic
efficiency of 94.4%. After the cell was cycled for more than 850 cycles, a capacity retaining
of 58.5% was obtained (Figure 6a). For comparison, the full cell with large LLZTO particles,
i.e., LFP | Bulk-LLZTO CSE | Li, only lasted for 250 cycles. Its specific capacity reduced
suddenly to zero due to the short circuit by the Li dendrite penetration, as suggested by
the authors. Figure 6b,c display the cycling performance of an LFP | Nano-LLZTO CSE | Li
battery under various current densities at 60 °C. Specific capacities of 154.8, 151.7, 135.0,
115.5,105.4, and 102.8 mAh g_1 were obtained at current densities of 25, 50, 100, 150, 200
and 250 mA g~!, respectively. When the current density was switched back from 250 to
25 mA g~ ! again, the discharge-specific capacity was restored to 162.5 mAh g~!, which
is indicative of the high electrochemical stability of Nano-LLZTO CSE. The results of Y.
Su et al. show that laser ablation is capable of producing nanosized high-purity LLZTO
particles that maintain the crystal structure and chemical composition of the LLZTO bulk
material. This work by Y. Su et al. also demonstrated that incorporating metal oxide ion
conductor nanoparticles into a Li* conductive polymer matrix is an efficient strategy for
developing hybrid solid-state electrolytes with high ionic conductivity for SSLBs.

Y. Su et al. [18] also used an Nd: YAG laser with the third harmonic generation
wavelength of 355 nm (repetition rate of 10 Hz, pulse width of 10 ns) to prepare nanosized
TiO, and then coated the TiO, nanoparticles with poly acetonitrile. Due to the strong
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absorption at the 355 nm ultraviolet wavelength of the laser radiation by TiO,, a 13 nm
average size of TiO, nanoparticles was obtained. The nanosized TiO, was then used as
fillers for the PEO polymer electrolyte. The hybrid electrolytes show combining benefits of
high ionic conductivity, high Li* transference number, superior electrochemical stability,
and enhanced mechanical robustness. A lithium symmetric battery with nanosized TiO,-
PEO composite solid electrolytes exhibits a stable cycling life of up to 590 h at 0.25 mA cm 2.
The full Li metal batteries with a LiFePO, cathode deliver superior durability for 550 cycles.

In summary, laser ablation offers advantages, like producing high-purity nanoparti-
cles, since the nanoparticles are directly ablated from a target material. As compared to
nanoparticles synthesized by chemical solution methods, laser ablation minimizes con-
tamination from chemical reactions. In addition, due to the strong absorption of laser
beams at the ultraviolet wavelength range by almost all materials, a variety of materials
can be used as targets, allowing for the fabrication of a wide range of nanoparticle compo-
sitions. Also, by adjusting laser parameters like wavelength, pulse duration, power, and
repetition rate, some degree of control over the size of the produced nanoparticles can be
achieved. However, there are limitations of the laser ablation for nanoparticle production,
including that (i) the production rate is relatively low, making it impractical for large-scale
synthesis; (ii) nanoparticles produced by laser ablation can tend to agglomerate, requiring
additional stabilization techniques; and (iii) precise control of the laser parameters is crucial
for achieving desired nanoparticle properties, which can be complex and time-consuming.

2.3. Laser Ablation Surface Cleaning

Surface contamination in SSLBs can be a substantial problem that compromises their
performance, efficiency, and longevity. Conventional methods like sandblasting, manual
scrubbing, chemical etching, or ultrasonic cleaning are slow, expensive, and can damage
SSLBs. Laser surface cleaning, however, provides an efficient and resilient solution, easily
tailorable to different materials and components. Laser surface cleaning is based on
the laser ablation process to remove a material layer or a coating. During the process,
high-energy laser radiation was absorbed by the atoms of a surface layer, causing the
breakdown of the chemical bonds to form rapidly expanding plasma. The plasma can also
generate shock waves that help remove the surface layer from the substrate. Compared
to traditional surface-cleaning methods, a laser surface-cleaning process possesses several
unique advantages, such as (1) being environmentally friendly; (2) having a wide range
of surface contaminants that can be removed from various substrates; (3) causing limited
damage to the substrate by properly adjusting the laser-processing parameters; (4) having
no mechanical contact to the substrate surface; and (5) fast processing that is easy to
automate.

Laser surface cleaning can remove surface contamination for SSLBs during their
production, which significantly increases their quality and performance. Surface con-
tamination can often lead to defects, short circuits, or leakages, either of which can have
negative impacts on the SSLBs. For example, garnet-type solid electrolyte LLZTO reacts
to CO; and H,O in the air to form a Li;COj insulating layer on its surface, leading to
poor interface contact and large interfacial resistance with the Li anode. Formation of the
Li,CO;3 insulating layer also induces fast Li dendrite growth and propagation through the
electrolyte attributable to the locally high current density. This can cause short circuits
and thermal runaway. L. Chen et al. [19] introduced the laser ablation surface-cleaning
method to effectively remove the Li,COj5 layer from the garnet electrolyte surface, resulting
in a clean surface that affiliates with lithium. The laser-cleaning method that they used
is schematically shown in Figure 7a,b. The LLZTO pellet was irradiated by a Nd:YAG
laser operating at the second harmonic generation wavelength of 532 nm and 10 ns pulse
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duration at a frequency of 30 kHz. The use of an ultraviolet laser wavelength of 533 nm
allows for more light energy absorption by the LLZTO surface, which is beneficial for laser
ablation surface cleaning. To diminish the surface ablation and cut off the moist air, the
garnet pellet was covered with a small amount of a 5% PEO—acetonitrile solution during
line-by-line laser scan cleaning by the authors. The effect of laser processing was controlled
by adjusting the power and scanning rate, achieving different spot overlap ratio.

Laser beam

H,0 co,

Li,CO,
LLZTO —_— LLZTO
LLZTO-Air LLZTO-Laser
LLZTO [ | Li,CO, Laser beam
(a)
T
— — Laser >
LLZTO-Air beam ==y
1?._ TO-AI
< Y PELéZso(l?mol:u ultrasonic cleaning
——

|
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(’7//7// ;’{,é,; \ D:Spot Diameter = LLZTO-Laser
jor| A - — LiFePO,

Laser Scanning Direction

(b)

Figure 7. Schematic illustration of (a) LiyCOj3 formation on LLZTO and the laser-cleaning process
and (b) step-by-step of the laser-cleaning process on the garnet surface. Adopted with permission
from [19], copyright of American Chemical Society.

The laser-cleaned LLZTO was evaluated by the authors in SSLB cells assembled with
either untreated LLZTO (LLZTO-air) or laser surface-cleaned LLZO (LLZTO-Laser). The
SSLB cells used Li metal as the anode and the LiFePOy4 (LFP) composite as the cathode. The
total impedance of the Li/LLZTO-Laser/LFP cell, which is 1760 (), is much smaller than
that of the Li/LLZTO-Air/LFP cell, as shown in Figure 8a, due to the reduced Li/LLZTO
interfacial resistance. The Li/LLZTO-Laser/LiFePOy cell displayed small polarization and
smoother voltage plateaus with a 2.8-3.8 V cutoff voltage window (Figure 8b). The charge—
discharge voltage profiles of Li/LLZTO-Laser/LiFePOy at different C rates are shown in
Figure 8c. The discharge capacities of the full cell were 149.6, 134.3, and 103.6 mA h-g~! at
0.1,0.2, and 0.5 C rate, respectively (Figure 8d). The discharge capacity regained to a almost
identical level (129 mA h-g~—!) when the rate restored to a 0.1 C rate. The battery produced
an initial specific discharge capacity of 149.3 mA h-g~! and a Coulombic efficiency of ~100%
at 0.1 C and 40 °C (Figure 8e). The Li/LLZTO-Laser/LiFePOy cell sustained a capacity
retention of 98.9% at the 50th cycle, demonstrating excellent cycling performance. The
discharge capacity gradually dropped to 126.6 mA h-g~!, with a capacity retention of 84.8%
after 100 cycles. The high capacity and good cycling performance were credited by the
authors to the fast and uniform Li* transport across the garnet/Li interface after laser
surface cleaning of the LLZTO electrolyte. The capacity drops at the 50th~100th cycle was
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assigned to the unreversible volume evolution of the Li anode and LiFePO,4 during long
cycling.
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Figure 8. (a) EIS patterns of Li/LLZTO-Laser/LiFePO,4 and Li/LLZTO-Air/LiFePOy at 40 °C. The
inset presented the enlarged EIS pattern of the Li/LLZTO-Laser/LiFePOy cell. (b) Charge-discharge
curves of the Li/LLZTO-Laser/LiFePOy cell at 0.1 C and 40 °C. (c) Charge—discharge curves of Li
Li/LLZTO-Laser/LiFePOy cell at 0.1, 0.2, and 0.5 C. (d) Rate performance (at 0.1, 0.2, and 0.5 C) and
(e) cycle performance of the Li/LLZTO-Laser/LiFePOy cell at 40 °C. Reproduced with permission [19],
copyright of American Chemical Society.

Laser surface cleaning can also be used to clean battery cell tabs and busbars to
eliminate organic and inorganic impurities from surfaces before welding to ensure strong
electrical connections between cells. In this aspect, established methods such as ultrasonic,
chemical, and plasma cleaning techniques often be lacking in terms of performance or
feasibility. However, laser surface cleaning works best on thin coatings, and thicker layers
may require multiple passes, increasing the cleaning time and reducing productivity. In
addition, localized heating induced by the high-energy laser beam during surface cleaning
can sometimes cause thermal stress and lead to micro-cracks, phase changes, or degradation
of the underneath solid electrolyte. Also, during laser surface cleaning, the interaction of
laser energy with the solid electrolyte surface might result in chemical changes, potentially
altering the stoichiometry or creating unwanted reaction products. Those damages can
negatively affect the mechanical stability and ionic conductivity of the electrolyte and affect
its performance and long-term stability. In addition, not all solid electrolyte materials
respond well to laser cleaning. Some may be more prone to damage or degradation,
requiring careful tuning of the laser’s wavelength, pulse duration, and energy density to
avoid adverse effects.

2.4. Laser Cutting

As a non-contact machining process, laser cutting will be one of the key steps in the
production of SSLBs. Laser cutting works by directing a high-power laser beam to irradiate
the workpiece to melt, burn, and vaporize away materials, resulting in a cut edge. Laser
cutting is a high-speed and accurate process compared to other cutting methods, such as
plasma, or blade cutting. Laser-cutting technology offers a highly flexible method to cut
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single cells of SSLB rolls that are produced by the R2R manufacturing process. Laser-cutting
technology is essential for producing large quantities of SSLB cells, since other methods,
such as blade-cutting and punching processes, easily cause short-circuiting between the
layers of SSLBs. C. Hérdemann [20] employed an ultra-short pulsed laser-cutting method
to dice flexible SSLBs with the structure Al/NiV/LiCoO,/LiPON/Li, as schematically
illustrated in Figure 9. Conventional cutting of SSLBs using a continuous laser or knife
is also shown in the figure for comparison. In the figure, the respective thicknesses of
the layers in the battery stack are shown. The aluminum substrate is covered by a NiV
current collector that also acts as a diffusion barrier between the aluminum substrate and
the cathode. The cathode material is LiCoO;, and the anode is composed of lithium, which
is deposited via evaporation deposition. Through selective ablation of the individual layers,
contact areas or functional sections can be created via ultrashort pulsed laser ablation. This
allows for attaching contact taps to the electrodes and also prevents the battery from failing
due to short circuits between layers while cutting. Mechanisms for the ultrashort pulsed
laser ablation of thin layers can be very different depending on the material of the layer, its
substrate, and the laser’s parameters (i.e., pulse duration, laser power, and wavelength).
These ablation mechanisms can be classified as photochemical ablation, photothermal
ablation, photomechanical ablation, and blast-off ablation [20]. Photochemical ablation is
mainly observed while ablating organic material, where laser radiation in the UV range
to break chemical bonds is mostly used. Photothermal ablation takes place if the energy
threshold for the ionization of the material is not reached and the material is heated and
evaporated. Photomechanical ablation is induced due to the stress between the substrate
and the layer. Blast-off ablation can be noticed if the thin layer has low absorption of laser
radiation but abundant photons are absorbed in the substrate.

Conventional cutting (cw-laser/knife) can lead to short circuits when anode and cathode layer get in

contact through melt or residues

SSLB-Stack

/%%m circuit
22 um Li
53 pum LiPON & ( 3

Li Anode layer
LiCoO2 Cathode layer

Ablated region

E——— P p Cut

Figure 9. Schematic illustration of conventional cutting and ultrafast laser cutting of SSLB. Repro-
duced from [20], copyright of SPIE.

In this study, the authors used a nanosecond laser with a wavelength of 1060 nm. The
nanosecond laser source has a pulse duration of 27 ns, with a repetition rate of 200 kHz. The
diameter of the focused beam is 31 um, and during laser scanning, a pulse overlap of 84%
over the battery’s surface was used. For the ultrafast laser ablation of SSLBs in Figure 9, the
removal of the LiPON and lithium layers above the LiCoO,-layer was believed to be caused
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by the laser ablation of the underlying LiCoO; layer and the different thermal expansions
of the LiCoOs,-layer and the LiPON-layer, that results in removing the two top layers
by photothermal, photomechanical and blast-off ablation processes. Since the ultraviolet
wavelength, 1060 nm, of the laser was used, photochemical ablation will not occur. The
results show that it is possible to selectively ablate layers within an SSLB cell to create a
clean cutting notch to ensure a shortcut-free decollation. The use of a pulsed laser with
a very short pulse duration, such as nano-, pico-, and femtosecond, allows for localized
energy deposition, limiting heat spread and preventing significant thermal damage to
the surrounding material, leading to cleaner edges with minimal melting or cracking or
stress-induced phase changes. Conventional cutting using a continuous laser or knife can
induce the melt of different layers or generate residues in the SSLB, causing short circuits,
as shown in Figure 9. L. Wach et al. [21] established commercially viable laser-cutting
technologies for sulfide-based SSLB components. A picosecond pulsed ytterbium fiber
laser with a wavelength of 1030 nm operating at an average power of 50 W was used for
their experiments. Compared to a constant wave laser, an ultrashort pulsed laser allows
cleaner laser cutting, since it generates a narrow heat-affected zone. The authors studied
the influence of pulse frequency, peak power, scanning speed, and laser passes for cutting
sulfide-based composite cathodes and solid electrolyte separators. An enhancement in
edge quality by the laser, in contrast to mechanical punching, is showed by the authors.

As an advanced machining process, laser cutting for the production of SSLBs has
several benefits. (i) Laser cutting can produce high-quality cuts with a narrow heat-affected
zone. (ii) Laser cutting can be potentially used in a continuous production line when
ultrafast lasers are used. And (iii) laser cutting can be more sustainable and environmentally
friendly than mechanical cutting. The primary limitations of laser cutting for SSLBs include
thermal damage, because solid-state electrolytes are often sensitive to high temperatures,
and laser cutting can generate significant heat, leading to potential degradation of the
solid electrolyte material by forming an unwanted phase, impacting battery functionality.
For example, sulfide-based solid electrolytes are highly sensitive to moisture and can
easily react with air, forming toxic byproducts like hydrogen sulfide. Also, the high heat
generated during laser cutting can cause the sulfide solid electrolyte to decompose or
undergo phase changes, altering its ionic conductivity and creating defects within the
material. To prevent unwanted reactions and released toxic gases, laser cutting of sulfide
electrolytes typically utilizes a controlled inert atmosphere in an enclosure. Laser cutting
can be scaled-up and adapted to different cell geometries and sizes, enabling flexibility in
battery design and production based on specific application needs. The technique can be
readily integrated into a high-speed production line after proper laser system configuration
and automation. However, many challenges remain, including material compatibility,
because different solid electrolyte materials may require specific laser parameters to achieve
clean cuts without excessive heat damage, and the need for an inert environment. Careful
consideration is needed for factors such as laser types, solid electrolyte material properties,
cell geometries, cutting speed, and synchronization with other processing steps to ensure
seamless integration within the production line compositions to enable consistent quality
and high throughput.

2.5. Other Laser Machining Processes

In SSLBs, the interface resistance between the electrode active materials and solid
electrolytes is typically higher than that of liquid electrolytes, which affects the charge (e.g.,
electrons and ions) transport within SSLBs. High interfacial resistance at the interface also
limits their reversible capacity and cycling efficiency. Therefore, it needs to be carefully
engineered during the SSBs’ fabrication to reduce the interfacial resistance thereafter to
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achieve a high-rate performance. S. Yan et al. [22] employed a laser-texturing technique
to produce micro-patterns on the side of the Laj/3.4Li3TiO3 solid-state electrolyte that is
facing the cathode to increase the surface contact area with the cathode activate materials
and provide more channels for Li* migration at the interface. With the additional help of
adding a small amount of liquid electrolyte to fill up the void spaces between the laser-
textured Lap /3 4LisTiO3 and the cathode, the SSLB cell engineering by a laser surface
texturing process leads to a decreased interfacial resistance and an improved battery energy
density at high C rate. To enable long-term cycling of the SSLBs, the authors believed
further optimization of the laser-textured pattern and the establishment of a more stable
interface are needed. Watanabe et al. [23] used a picosecond amplified diode-pumped
solid-state laser operating at the second-harmonic wavelength of 532 nm to drill holes
in the cathode layers and filled the holes with solid-state electrolytes for Li-ion batteries.
Due to improvement in the contact between the cathode active material and electrolyte,
the cell showed a significant improvement in the rate performance. S Wu et al. [24] used
the laser-texturing method to create a repeatedly arranged pore structure on the cathode
layer and then induced an in-situ polymerization of the gel electrolyte within the laser-
textured cathode. This unique structure enables sufficient interfacial contact between the
electrolyte and the cathode active materials and provides improved lithium-ion transport.
The cathode that is integrated with the gel electrolyte can effectively reduce the percentage
of inactive electrode active materials and help to release the capacity for the thick cathode.
The quasi-solid LiFePO,/Li half-cell with active material loading of 8 mg cm~2 exhibits
good electrochemical performance (i.e., 118.5 mAh g~ after 100 cycles at 0.2 C rate at room
temperature). Also, when the quantity of active materials increases to 30 mg cm 2, the
LiFePOy/LiyTisO1 full cell still has a pretty high discharge capacity (i.e., 105.9 mAh g !
after 400 cycles at 0.2 C rate at room temperature. M. Scheller [25] investigated a laser-
ablation process for creating a 3D pore structure on a cathode into which the PEO/LiTFSI
solid-polymer electrolyte is filled. They studied the performance of an SSLB cell that
incorporates the PEO/LiTFSI solid polymer and LLZO ceramic solid electrolytes with a
laser-treated NMC-811 cathode and a Li-metal anode. They found that the SSLBs with laser-
structured and electrolyte-filled cathodes have considerable rate capability improvements
due to diminished diffusion and interfacial charge transfer resistance. J. Kriegler et al. [26]
investigated the use of an ultrashort pulsed laser having different wavelengths, fluences,
and pulse repetition rates to create holes, trenches, and cavities on the commercial ceramic
solid electrolyte lithium aluminum germanium titanium phosphate. Their results provide
insight into the laser ablation behaviors of glass—ceramic materials and contribute the
knowledge needed for applying ultrashort pulsed laser ablation in next-generation battery
production.

In summary, as a non-contact process, laser material processing offers critical ad-
vantages for the sintering, particle generation, surface cleaning, cutting and interfacial
engineering of SSLBs’ materials and components and provides precision and versatil-
ity that are key to advancing battery performance and facilitating the development of
next-generation energy storage solutions.

3. Pulsed Laser Deposition Technology for SSLBs

Pulsed laser deposition (PLD) involves using high-energy laser pulses to ablate ma-
terial from a target, which then deposits as a thin film on a substrate. Excimer lasers
and Nd:YAG lasers are commonly used for PLD because of their high pulse energy and
industrial track record. The best wavelength for pulsed laser deposition (PLD) depends
on the material being deposited. The wavelength of the laser determines how deeply it
penetrates the material being deposited. The short wavelength of excimer lasers causes the
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light to be absorbed selectively near the surface of the material. This selective absorption
leads to fast heating and evaporation, which helps control the stoichiometry and crystal
properties of the film. The major advantages of the PLD technique include its controllability,
versatility, and consistency, and it can maintain the stoichiometry of the target material
during deposition, allowing for a relatively simple deposition of complex materials. PLD is
a highly effective technique used in the fabrication of SSLBs, particularly for creating thin
films of solid electrolytes, cathodes, and other critical components. The role and benefits of
PLD will be illustrated in the following examples.

3.1. PLD of Solid Electrolytes

Garnet-type solid electrolytes, such as LiyLazZr,O1o (LLZO), show notable stability at
high voltage at the cathode side and at the interface with the lithium metal anode. However,
there are still challenges relating to the material’s stability when it is integrated with other
SSLB components under battery operating conditions. To overcome these challenges, a
better understanding of the material compatibility and degradation mechanisms of solid
electrolytes is needed. Electrochemical characterization of model thin film SSLBs has proven
to be a valuable tool for understanding the electrochemical performance of solid electrolytes,
as well as the origin of battery degradation or failure caused by interface reactions between
the solid electrolyte and the anode or cathode. A whole thin-film SSLB cell can be fabricated
by the PLD alone or combined with other thin-film deposition methods. Particularly,
those thin-film fabrication methods allow for the deposition of the solid electrolyte layer
with appropriate phase, composition, and morphological characteristics and have the
advantage of better interfacial contact with the anode and cathode. A variety of thin-film
deposition methods, including PLD, radio frequency (RF) sputtering, sol-gel, chemical
vapor deposition (CVD), focused ion beam (FIB) milling, atomic layer deposition (ALD),
and wet coating, can be used for the preparation of solid electrolyte films [27]. Among
those thin-film deposition methods, PLD is the method of choice for the deposition of
thin-film solid electrolytes for SSLBs because complex oxide materials constitute the most
promising solid electrolytes. M. Saccoccio et al. [28] reported the deposition of crystalline
Ta-doped LLZO thin films on MgO (100) substrates via PLD. The Ta-LLZO films of 30
and 50 nm thickness were deposited by the authors using a Nd:YAG laser with the fourth
harmonic generation output at a wavelength of 266 nm and repetition rate of 10 Hz, with
the fluence at 1 or 4] cm? in the PLD System, as shown in Figure 10a. The short wavelength,
266 nm, of the fourth harmonic Nd:YAG laser allows the light to be absorbed selectively
near the surface of Ta-LLZO, leading to better control of the stoichiometry and crystal
properties of the films. The authors used electrochemical impedance spectroscopy (EIS)
measurements to determine the ionic conductivity of the Ta:LLZO films. For the EIS,
two thin (~20 nm) Au strips were deposited on the top of the solid electrolyte film by
sputtering, as illustrated in Figure 10b. The ionic conductivity was measured by conducting
EIS in a temperature range of 300-500 °C in dry synthetic air. The authors investigated
the impact of laser fluence, deposition temperature, and post-deposition annealing on the
structural, compositional, and transport properties of the Ta-doped LLZO film and found
that a pure cubic LLZO structure appears at the deposition temperature, as low as 50 °C
by PLD. Figure 11 exhibitions the EIS of an annealed sample that was deposited at 50 °C
with a laser fluence of ~1 ] cm?. Every single spectrum can be interpreted as the sum of
two superimposed semicircles tailed by a low-frequency diffusive tail. This matches up
with to the equivalent circuit model displayed in the top panel of Figure 11, where the
two ZARC elements at high and intermediate frequencies are resembled the bulk and the
grain boundary resistance, respectively. The low-frequency tail, which is represented by
a Warburg element, corresponds to the Li diffusion with blocking electrodes. The sum of
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both the bulk and grain boundary resistance was used to calculate the conductivity. The EIS
results show the resistance of LLZO films decreases with the measuring temperature. The
authors analyzed the EIS results for LLZO films deposited by PLD at different temperatures
for both laser fluences of 1 or 4 ] cm? and found that the deposition temperature does not
have a significant impact on the crystal structure and conductivity of LLZO. However, films
deposited at the low fluence of 1] cm? had lower conductivity than the films deposited at the
high fluence of 4 ] cm?. The effectiveness of high-temperature post-deposition annealing
was also evaluated by the authors. They found that the post-deposition annealing of
the LLZO films at 600 °C for 24 h in air improved the film’s crystallinity, but annealing
caused the appearance of the La,Zr,O; phase due to Li-loss. LayZr,Oy harms the Li-ion
conductivity of the films. Therefore, conductivity enhancement after the post-deposition
annealing was very limited.

(a) (b)

focusing substrate

lens
pulsed U I_’ /mrgel
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beam
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Figure 10. Schematic of the deposition process (a). Experimental set-up for the conductivity measure-
ments (b). Reproduced with permission [28], copyright of Elsevier.
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Figure 11. EIS in the ranges 500—400 °C (a) and 400-300 °C (b) for the LLZO films deposited with
lower fluence (~1 ] cm?2) at 50 °C and then annealed. The impedance values between 1 and 104 Hz
are shown, and the empty markers correspond to the frequencies 1, 10, and 100 Hz. The fits of the
data, according to the equivalent circuit model displayed in the top panel, are shown with a black
line. Reproduced with permission [28], copyright of Elsevier.
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E. Hanc et al. [29] used the PLD technique to fabricate a thin-film Lig 14Alp 28LazZr,O12
electrolyte by laser ablation of a cubic garnet structure Lig 146Aly 28LazZr,O1, target with
a KrF laser operating at 248 nm, 200 mJ/pulse, and 5 Hz. The short wavelengths of
excimer lasers were used to better control the stoichiometry and crystal properties of the
Lig 16Alp28LazZryO1; films. The films were deposited on Au-coated fused silica substrates
at room temperature in an oxygen pressure of 100-600 mbar. After the deposition, the
films were annealed at 700 °C for 15 min to crystalize the film to form garnet structure.
Figure 12 shows the impact of oxygen pressure on their X-ray diffraction patterns and
phase composition. Films deposited in low oxygen pressure (100 mbar) after annealing at
700 °C gave rise to forming the majority of LayZr,O7 pyrochlore and a low percentage of
garnet phase (17 wt%). While increasing the oxygen pressure during PLD, the percentage
of the garnet phase increased (maximum garnet content of 66 wt% in 400 mbar of O,).
Further increases in the oxygen pressures (500 and 600 mbar) caused the amorphization of
the films, as indicated by the reduced intensity of the diffraction peaks.
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Figure 12. Left pane: X-ray diffraction patterns obtained for LLZO thin films deposited on an Au-
coated fused silica substrate at room temperature as a function of oxygen pressure after annealing at
700 °C. Right pane: evolution of the phase composition of the film annealed at 700 °C. Reproduced
with permission [29], copyright of Elsevier.

Crystalline lithium lanthanum titanate (LLTO) has a comparably low grain boundary
conductivity (<1075 S/cm), which limits its overall material conductivity. In addition,
crystalline LLTO is unstable up against lithium metal because lithium insertion will cause a
reduction of Ti** to Ti**, hence increasing electronic conductivity. Amorphous structural
LLTO shows a decrease in the grain-boundary resistance due to its isotropic and non-
periodic structure. Amorphous LLTO thin films also have a large voltage stability window,
which allows the use of high-voltage cathode materials, such as LiNig sMnj 504 spinel. Lee
et al. [30] grew amorphous LLTO thin films by PLD using a 248 nm KrF excimer laser with
~2]/cm? energy density and 4 Hz laser frequency on either an interdigitated electrode for
conductivity measurement or Pt-coated SiO, /Si to fabricate an SSLB cell. By controlling
the background pressure and temperature, they were able to produce amorphous and low
oxygen-deficient LLTO and achieved an optimized ionic conductivity of 3 x 10~*S/cm and
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an electronic conductivity of 5 x 10~ S/cm. The controllability, versatility, consistency,
and stoichiometry conservation of the PLD technique have been demonstrated in this study.

Among the various kinds of solid electrolytes, sulfide-based solid electrolytes are also
favorable because of their high Li* conductivities at room temperature. LiyS-P,Ss sulfide
glasses prepared by the melt-quenching method are identified as lithium-ion conductors
which have high conductivities over 1074 S cm~! at room temperature [31]. Electrode
active material particles coated with the sulfide electrolyte to form a composite electrode for
SSLBs are considered to be an effective way to improve the performance of SSLBs due to the
formation of an ideal electrode active material-electrolyte interface. The ionic conductivity
can be further improved by heat treatment of the sulfide electrolyte-coated active material
particles to decrease the voids in the composite electrode. The decrease in the voids can
effectively increase the Li* conduction paths. Aso et al. [31] used PLD with a KrF excimer
laser to coat the Li,S-P,Ss solid electrolyte onto a NiS-VGCF (VGCF—vapor-grown carbon
fiber) composite. A pelletized mixture of LiyS and P»Ss powder with a molar ratio of 80:20
was used as a target by the authors for the PLD. The PLD technique allows the deposition
of a stoichiometry LiyS-P,Ss thin film onto NiS-VGCF so that its high Li* conductivity
can be maintained. The authors fabricated laboratory-scale SSLB cells by mixing LiyS-
P,Ss-coated NiS-VGCF with LiyS-P»Ss solid electrolyte as the cathode. For comparison, a
cathode that consisted of mixing the uncoated NiS-VGCF with Li,S-P,Ss5 electrolyte was
also fabricated and used in the SSLBs. Figure 13 shows the schematic diagram of the
composite cathode. The carbon fiber constructs a continuous electron-conducting path
in the composite electrode, while active materials with a uniform size connect intimately
with both carbon fiber and solid electrolyte to form an integrated cathode, as shown in the
figure.

80Li,S-20P,S;
solid electrolyte thin film

Cross-sectional image

80Li,S-20P,S,
solid electrolyte thin film

L

Figure 13. Schematic illustration of the LiyS-P,Ss-coated NiS-VGCF composite. Li;S-P»S5 denotes to
the 80LipS-20P,S5 (mol %) solid electrolyte. Reproduced with permission [31], copyright of American
Chemical Society.

Two-electrode cells were assembled by the authors using this prepared cathode, a
glass solid electrolyte, and a Li-In alloy anode. The three layers were sandwiched by two
stainless-steel disk current collectors to form an SSLB cell. Electrochemical tests were
conducted using charge-discharge measurements under a constant current density of
3.8 mA cm~2 at 25 °C in an Ar atmosphere. Panels a and b in Figure 14 display the
charge—discharge curves of the SSLB cell using the uncoated or LiyS-P;Ss5-coated NiS-VGCF
composite cathode at the 1st, 2nd, and 50th cycles with the current density of 3.8 mA cm 2
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(corresponding to ca. 1 C rate). The discharge capacity of the cell with the LiyS-P»Ss-coated
NiS-VGCF composite is larger than that of the cell with the uncoated NiS-VGCF composite
at all cycles. Figure 14c shows the cyclic performance of the SSLB cells at the current
density of 3.8 mA cm 2. The SSLB cell fabricated using the Li;S-P5Ss-coated NiS-VGCF
composite as a cathode showed an initial discharge capacity of 300 mA hg~! and showed
clearly better cycle performance than the cell using the uncoated NiS-VGCF composite
(~100 mA hg~!). The authors suggest that the construction of close-contact interfaces
among NiS, VGCE and Li,S-P,Ss gives favorable electronic and Li* conduction paths in
the SSLB cell (see Figure 13). The formation of Li* conduction paths was not sufficient
in the cathode with 100 wt% LiyS-P»Ss-coated NiS-VGCF composites but without adding
Li»S-P5Ss. The addition of Li;S-P,Ss particles in the cathode was essential to achieve high
performance of the SSLBs.
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Figure 14. Charge-discharge curves of an SSLB cell using (a) uncoated or (b) Li,S-P,Ss-coated
NiS-VGCF composite at the 1st, 2nd, and 50th cycles under the current density of 3.8 mA cm 2,
(c) Cycle performance of SSLBs using the uncoated or Li,S-P,Ss-coated NiS-VGCF composite at the
current density of 3.8 mA cm~2 (corresponding to ca. 1 C rate). Reproduced with permission [31],
copyright of American Chemical Society.

The Li;S-P,Ss solid electrolyte was also coated onto LiCoO, active material particles by
the PLD using a KrF excimer laser by A. Sakuda et al. [32]. In their study, LiCoO, particles
were pre-coated with a LiINbOs film, followed by the coating of Li;S-P»Ss. Heat treatment
of the Li;S-P,Ss-coated LiCoO, was performed in an Ar atmosphere. An SSLB cell with
the structure In/80Li;S-20P,Ss5/LiCoO, was constructed to investigate the electrochemical
performance of 80Li,S-20P,Ss solid electrolyte-coated LiCoO,. Figure 15 shows charge—
discharge curves at a current density of 0.13 mA cm~2 of the SSLB using composite
electrodes composed of 90 wt.% uncoated, LiNbOj3-coated, or LiyS-P,Ss-coated LiCoOs,
respectively, with 10 wt.% Li;S-P,Ss particles. Their capacities were 20, 60, and 95 mAh g~ !,
respectively. The capacities of the SSLBs were highest for the cell using 10 wt.% LiyS-P»Ss
particles and the Li,S-PySs-coated LiCoO;. The authors believed that, in the composite
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electrode, the Li»S-P»Ss5 coated LiCoO; particles formed an effective electrode—electrolyte
interface and the lithium-ion conducting path to the LiCoO; particles. Y. Ito et al. [33]
also reported the deposition of amorphous LiS-P»Ss and Li;S-GeS; thin films on LiCoO,
particles by PLD. In their study, SSLBs using LiCoO, particles coated with LipS-GeS;-P»Ss
thin films were constructed for charge—discharge performance tests, and the results also
show that the SSLBs using heat-treated Li,S-GeS;-P,Ss-coated LiCoO, particles were found
to have a larger capacity than that using uncoated LiCoO, particles.
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Figure 15. Charge-discharge curves of all-solid-state cells based on composite electrodes with
90 wt.% LiCoO;, and 10 wt.% solid electrolyte particles. Reproduced with permission [32], copyright
of Elsevier.

The ionic conductivity of the amorphous 50LisSiO4-50LizPO4 (mol%) solid electrolyte
film was 1.6 x 107 S cm™~! at room temperature, which is higher than the conductivity
of LizPOy4 and LiySiOy4 films. Y. Sakurai et al. [34] used PLD with a KrF excimer laser to
coat a 50Li4SiO4-50LizPOy film onto LiCoO, active material particles. They built an SSLB
cell with the structure of Li-In/80Li,S-20P,S5/LiCoO, (uncoated and 50Li4SiOy4-50Li3 POy
coated). The electrochemical performance of the SSLB cells was then investigated with
electrochemical impedance spectroscopy and charge—discharge cycling. Figure 16a shows
the impedance spectra of the SSLB cells with uncoated and 50Li4SiO4-50Li3PO4-coated
LiCoO, after going through the first charge process at 0.13 mA cm~2 with the cut-off
voltage of 3.6 V (vs. Li-In). The cells show three resistance components in the high,
middle, and low-frequency regions. The resistances in the high-frequency region (>10 kHz),
middle-frequency region (the peak top frequency of 1 kHz), and low-frequency region
(the peak top frequency of 1 Hz) are ascribed to the resistance of the Li;S-P,Ss5 electrolyte
layer (RSE), the interface between LiCoO;, and the electrolyte (RPE), and the Li-In (RNE),
respectively. Two components of RSE at >10 kHz and RNE at 1 Hz are almost the same
in the two cells. The RPEs of uncoated and 50Li4SiO4-50Li3PO4-coated LiCoO, are 190
and 48 (), respectively, indicating that by coating 50LiSiO4-50Li3PO4 on the LiCoO, active
materials the RPE was decreased significantly. The authors believed that the high Li*
conductivity of the 50LiySiO4-50Liz POy thin accounts for the significant decrease in the
interfacial resistance of the SSLBs. Discharge measurement of the SSLB cells at the high
current density of 6.4 mA cm~2 was also carried out after charging the cells to 4.2 (vs.
Li-In). Figure 16b shows that the discharge capacity, 46 mAhg~!, of the SSLB cell with
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50Li4Si04-50Li3PO4-coated LiCoO; is higher than that of the cell with uncoated LiCoO,,
33 mAhgfl. The decrease of the interfacial resistance by 50Li45iO4-50Li3PO4 coatings with
high Li* conductivity reduces the IR drop, resulting in a high voltage plateau, which leads
to a large capacity at the discharge process. From the research works mentioned above,
it is obvious that a coating of electrode active material particles with a highly conductive
solid electrolyte by PLD is an effective way to decrease the electrode—electrolyte interfacial
resistance, which is a promising way to create power density and high-performance SSLBs.
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Figure 16. (a) Impedance profiles of the all-solid-state cells with noncoated and 50Li4SiO4-50Liz3 POy
-coated LiCoO; after the first charge process. The cells were charged at 0.13 mA cm ™2, and the
cut-off voltage was 4.2 V (vs. Li). (b) Discharge curves of all-solid-state cells with noncoated and
50Li4SiO4-50Liz POy -coated LiCoO,. The cells were discharged at 6.4 mA cm~2 and the cutoff voltage
was 0 V. Adopted with permission from [34], copyright of Elsevier.

While PLD offers significant advantages for the fabrication of solid electrolytes based
on metal oxides and sulfides, the potential of using PLD to fabricate halide-based materials,
such as LisMClg (M = In, Er, Sc, Ho, Y) for SSLBs remains largely untapped. Considering
that PLD has been used to fabricate halide photovoltaic cells, particularly those based
on perovskite materials, it is anticipated that the technique will also offer significant
advantages for the exploitation of halide-based materials. However, not all materials are
suitable for PLD. Some halide materials may decompose or undergo unwanted phase
changes when subjected to the high-energy laser ablation process, potentially affecting
the quality and performance of the deposited films. Halide and lithium are both highly
volatile, which can also lead to challenges in maintaining stoichiometry during deposition.
This requires careful optimization of deposition parameters such as laser energy and
substrate temperature as well as target compositions. In summary, PLD allows for the
deposition of high-quality, dense, and uniform thin films or coatings, which are crucial
for the performance of solid electrolytes in SSLBs. These films can achieve the necessary
ionic conductivity and mechanical stability. The PLD technique is also compatible with a
wide range of materials, including complex oxides and sulfides, which are used as the solid
electrolytes for SSLBs, as demonstrated in the examples mentioned above. This versatility
facilitates the exploration of novel materials with enhanced properties. PLD provides
precise control over the stoichiometry of the deposited films and coatings, ensuring that
the chemical composition closely matches that of the target material. This control is
essential for optimizing the ionic conductivity and stability of the solid electrolyte. The
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process parameters, such as laser energy, substrate temperature, and ambient gas pressure,
can be finely tuned to influence the microstructure and properties of the PLD-deposited
films or coatings. This flexibility allows researchers to tailor the electrolyte characteristics
to specific battery requirements. For the deposition of solid electrolyte thin films, PLD
stands out for its ability to deposit complex materials with better control over composition
and microstructure, while methods like chemical vapor deposition (CVD) and atomic
layer deposition (ALD) provide conformal coatings with excellent film uniformity. PLD
has a relatively low deposition rate and could be more costly to scale-up for large-scale
applications. CVD can achieve a very high deposition rate and is easier to scale-up for
large-scale applications. However, it typically requires higher temperatures than PLD and
can be challenging to control the purity of the deposited film. ALD has the advantage of
precise thickness control but has a relatively slow deposition rate compared to PLD and
CVD. The technique can be more costly and complex to set up and optimize than PLD and
CVD techniques. Sputtering can produce solid electrolyte films with excellent uniformity
and good adhesion to the anode or cathode, similar to PLD. However, the technique can
sometimes lead to compositional changes in the deposited film, especially for complex
solid electrolyte materials, such as mixed metal oxides or sulfides. Electroplating could be
used to deposit a layer of solid electrolytes onto a conductive substrate such as Li metal
through an electrochemical process. It offers cost-effectiveness, but the technique sacrifices
quality and uniformity for the low cost.

3.2. PLD of Active Materials for Cathode

The main advantage of using PLD to fabricate a cathode for SSLBs is its ability to
precisely control the chemical composition and morphology of complex sulfide or oxide
cathode materials with tight stoichiometry requirements, which is crucial for high perfor-
mance in SSLBs. The high energy of the laser pulse can also generate nanoparticles during
ablation, leading to the deposition of fine-grained cathode materials with large surface areas,
enhancing the Li* diffusion kinetics. By carefully adjusting the deposition parameters, PLD
allows for the precise control of the interface between the cathode and the solid electrolyte,
minimizing interfacial resistance and improving electrochemical performance. It can also
be used to deposit complex cathodes with multilayer structures such as a cathode layer with
additional protective layers or with graded compositions. Compared to other deposition
techniques, PLD often requires lower processing temperatures, which can be beneficial
for temperature-sensitive materials and substrates. T. Matsuyama et al. [35] deposited an
amorphous TiS, (a-TiS,) thin film by PLD using a KrF excimer laser operating at 2 ] /cm?
on target energy density and a 5 Hz pulse repetition rate on the garnet-type Li;LazZr,012
(LLZO) solid electrolyte pellet. The authors first prepared the LLZO electrolyte by a sol-gel
process, followed by calcinating, ball-milling, pressing, and sintering. The lithium-ion
conductivity of the prepared LLZO pellet was determined to be 24 x 10~ S cm™~! at room
temperature. Figure 17a shows the cross-sectional SEM image of the interface between
an a-TiSy thin film electrode and an LLZO electrolyte pellet. The ~400 nm TiSy thin film
deposited by PLD was dense and attached firmly to the LLZO pellet, giving good contact
between the electrode and the electrolyte. After producing the a-TiS, thin-film electrodes,
the Au current collector was deposited on the top of the a-TiS; thin-film electrodes by
the vacuum vapor deposition. Subsequently, the Li thin-film electrodes were deposited
onto the other surface of the LLZO pellets by the same method. Finally, the Li foil, as the
negative electrode, was pushed tightly on the Li thin-film electrode. The prepared pellets
were sandwiched with two stainless-steel rods to form an SSLB cell, Li/cubic-LLZO/a-TiSy,
and the SSLB cell was evaluated by charging-discharging cycles at 25 °C.
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Figure 17. Cross-sectional SEM image of a-TiS, thin-film electrodes on LLZO pellet (a), and
charge-discharge curves of the all-solid-state cell Li/cubic-LLZO/a-TiS, at the current density
of 0.010 mA cm~2 for initial 10 cycles (b) and at 0.020 mA cm~2 after the 11th cycle (c). Adopted
with permission from [35], copyright of Elsevier.
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The charge—discharge curves of the SSLB cell are exhibited in Figure 17b,c. Charge-
discharge measurements of the cell were conducted at the current density of 0.010 mA cm 2
from the 1st cycle to the 10th cycle, and the cell potential vs. capacity curves are shown
in Figure 17b. The current density was then increased to 0.020 mA cm~?2 from the 11th
cycle to the 15th cycle, and the results are shown in Figure 17c. The 10th charge—discharge
curves are presented in Figure 17c for comparison as well. The charge capacity was about
500 mAh-g~! at the first cycle, and the capacity fading was not observed at 0.010 mA cm 2
for the first 10 cycles. The reversible capacity was declined by about 40 mAh-g~!, when
the current density increased from 0.010 mA cm~2 to 0.020 mA cm 2. Interfacial resistance
between the a-TiS, electrode and the LLZO electrolyte was nearly constant during charge—
discharge cycling. The results show that the PLD method can deposit a high-performance
amorphous TiS4 thin-film cathode electrode without a heat-treatment process, which is
attractive for the fabrication of SSLBs with the LLZO electrolyte.

Various metal oxides, such as LiCoO,, Li(Ni,C0)O,, LiMnyNi,,O4, and LiFePOy, have
been exploited as cathode active materials for SSLBs. Among these materials, LiCoO, (LCO)
with a layered rocksalt structure exhibits a highly reversible Li* intercalation reaction.
S. Shiraki et al. [36] used single-crystal Au (110) and Pt (110) as the substrates for the
deposition of epitaxial LCO thin films by PLD. The Au and Pt (110) surfaces were selected
as the substrates since the reconstructed (110) surfaces consist of alternately arrayed {111}
nanofacets, which lowers the total surface energy to facilitate the growth of the epitaxial
LCO films, which show a difference in the charge—discharge capacity depending on their
crystal orientation. The authors established a process to control the LCO crystal orientation
that is beneficial for smooth Li* insertion/extraction reactions. In their PLD experiments,
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(a)

a KrF excimer laser with a repetition rate of 5 Hz and a fluence of 1.0 ] cm~2 was used

as the energy source, and a polycrystalline Li; ;CoO; was used as the target. During
the deposition, the oxygen partial pressure was kept at 1 x 10 Torr, and the substrate
temperature was kept at room temperature. The as-grown films are ~200 nm thick and were
subsequently annealed at 650 °C in the air to obtain a high-temperature LCO phase. The
XRD and TEM results confirm the epitaxial growth of LCO thin films having three different
types of crystal orientations, in which the c-axes of the LCO are tilted to the surface normal.

The authors then fabricated an SSLB cell by subsequently depositing a thin-film
LiPON solid electrolyte by RF magnetron sputtering (RFMS) and a thin-film Li anode
by vacuum thermal evaporation (VTE) on the top of the LCO/Au(110). A schematic
illustration of the all-solid-state thin-film batteries is shown in Figure 18a. Subsequent to
the deposition of LiPON onto the LCO, the films were annealed at 180 °C for 30 min in
Ar to reduce the interface resistance between the LiPON and the LCO. The CV curves of
the Li/LiPON/LCO/Au(110) SSLB cell in Figure 18b show several sharp current peaks
(C1-4, D1-3), whose peak voltage locations do not change with the scan number, indicating
good stability and repeatability in the charging—discharging operation. In Figure 18c, the
CV curves of the Li/LiPON/LCO/Pt(110) show the same features as Figure 18b, with the
CV peak voltage locations and peak separations being almost the same as that found for
the Li/LiPON/LCO/Au(110) cell. The CV curves of Figure 18b,c show sharp CV peaks
with small peak separations in the forward and revised cycling, which resulted from the
well-defined epitaxial single-crystal structure of the LCO thin films. For the LCO with
polycrystalline structures, much broader CV peaks and a larger peak separation were found
by the authors. Those results show that the epitaxial thin films deposited by PLD offer
ideal well-defined interfaces between the solid-state electrolyte and the electrode active
materials for studying the electrochemical charging—discharging reactions and Li transport
mechanisms in the SSLBs.
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Figure 18. Schematic image of all-solid-state thin-film batteries using epitaxial LiCoO, thin films
on single crystal (110) substrates of Au and Pt (a) and cyclic voltammogram of thin-film solid-state
battery of Li/LiPON/epitaxial LiCoO; on Au(110) (b) and on Pt(110) (c). The insets show the
multilayered thin-film SSLBs. Adopted with permission from [36], copyright of Elsevier.
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Although LCO is the most studied cathode material, other lithium-rich layered ma-
terials, such as LiyRuQOj3, which has a similar crystal structure as that of LCO, were also
recognized as promising cathode materials for SSLBs. The lithium ions in the RuQOg layers
can also participate in the intercalation reaction, leading to a potentially high theoretical
capacity. Y. Zheng et al. [37] grew epitaxial Li;RuO3(001) thin films on Al,O3(0001) sub-
strates by PLD using a 248 nm KrF excimer laser. A LizPOy solid electrolyte layer was then
deposited on the epitaxial LiyRuOj3 cathode film by RF magnetron sputtering, followed by
vacuum evaporation deposition of the In or Li anode film to form an SSLB cell. Figure 19a
presents a schematic illustration of the assembled SSLB cell. The STEM image (Figure 19b)
of the In/Li3PO4/LiyTuOj3 cell confirms that these three layers are all dense and flat. The
electrochemical properties of the assembled cell are evaluated by CV and charge-discharge
measurements. Two anodic peaks at 2.9 and 3.2 V and two cathodic peaks at 2.6 and 2.9 V
are found in the CV curves, which are attributed by the authors to lithium (de)intercalation
out of or into the Li;RuQOjs film (Figure 19c). The solid-state battery exhibits charge and
discharge capacities of 101.7 and 85.8 mAh g~ ! at the 4th cycle, respectively (Figure 19d),
and gradual capacity fading is observed up to the 13th cycle. The authors also used Li
metal to replace In as the anode and investigated the charge-discharge characteristics of the
battery. Figure 19e presents changes in the discharge capacity of the Li/Li3PO4/Li;RuOs
cell vs. the cycle number and the C-rate. The capacity of the cell was examined at 0.1 C
(1.67 mA cm—2) for the initial 30 cycles, and then, the current densities increased from 0.1 C
t005C,1C,2C,5C,10C, and 20 C. At each C rate, the capacity was recorded for every
five cycles. Although the discharge capacity significantly decreases as the C rate increases,
the discharge capacity at 20 C is still high, i.e., 63% of the capacity at 0.1 C rate. This
result reveals that very homogeneous anode—solid electrolyte and solid electrolyte—cathode
interfaces were formed by thin-film deposition techniques, such as PLD, sputtering, and
vapor evaporation on the SSLB cell. The excellent interfaces facilitate lithium intercalation
and deintercalation processes. The authors also found that the cycle performance and the
rate capability of the novel Li)RuQOj3 cathode are comparable to that of the LiCoO; cathode
in SSLBs. The results demonstrated that those lithium-rich layered rock salt oxides could
also be excellent candidate materials for the cathode in high-capacity SSLBs.

In summary, PLD is capable of depositing high-quality thin films of a wide range of
materials, including metal oxides and sulfides. This versatility allows for the exploration
and use of advanced materials, such as multi-element metal oxides/sulfides or doped metal
oxides/sulfides, that can enhance the performance of SSLBs’ cathode active materials. The
technique also offers stoichiometry conservation of the deposited films, vital for optimizing
the electrochemical properties of cathode active materials. PLD provides precise control
over the film’s thickness and composition, which is crucial for the rapid prototyping and
testing of new materials and structures, accelerating research and development efforts in
SSLBs. Although PLD is a critical technique in the development of SSLBs, some challenges
associated with PLD for cathode fabrication do exist, including (i) scaling up PLD for
large-scale SSLB production can be challenging due to the limited deposition surface area
achievable with a single laser beam; (ii) maintaining uniform deposition over a large
substrate area is difficult and requires careful optimization of laser parameters and target
design, which limits its industrial fabrication for SSLBs; and (iii) PLD systems can be
complex and expensive compared to other SSLB fabrication techniques.
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Figure 19. (a) Schematic of the cell design, (b) STEM image of the device cross-section, (c¢) CV
plots at scan rates of 0.2-0.4 mV s71, (d) charge—discharge plots collected at 1.1 mA cm~2 for an
In/LizPOy4/LipRuO; all-solid-state battery, and (e) variations in discharge capacity retention of a
Li/LizPOy4/Li;RuOj3 all-solid-state battery with cycle number and charge-discharge C rates. The
voltage range was 3.0-4.0 V. Adopted with permission from [37], copyright of Elsevier.

4. Conclusions and Future Perspectives

SSLBs have the potential to offer significantly higher energy density compared to tra-
ditional lithium-ion batteries and eliminate the safety concerns related to flammable liquid
electrolytes. Laser material processing is considered a promising manufacturing technology for
advancing the overall cell performance and stability of SSLBs because it allows for enhanced
material properties such as density and surface morphology, improving ionic conductivity and
reducing interfacial resistance within the battery materials, layers, and components. Several
key conclusions and future perspectives emerge from this mini-review

4.1. Conclusions

Laser material processing is adaptable to a wide range of materials, including metal
oxides, metal sulfides, polymers, and metals, making them suitable for processing various
components in SSLBs, such as electrodes, electrolytes, and current collectors. Laser beams
offer unparalleled simplicity and precision in the processing of materials, allowing for
the precise cutting, patterning, drilling, surface cleaning, and surface modification of
SSLBs” components, which are crucial for advancing this energy storage technology. Laser
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material processing can also improve the physical and chemical properties of materials
used in SSLBs, such as (i) to clean and densify ceramic solid electrolytes, enhance interfacial
adhesion to reduce interfacial electrical resistance; (ii) to modify surface morphology
and crystal structure to improve ion conductivity; (iii) to engineer the interface between
the solid electrolyte and the anode or the cathode to optimize the Li* conductivity and
diffusion pathways; (iv) to produce high-quality cuts with a narrow heat-affected zone,
which is needed in a SSLB continuous production line; and (iv) to deposit high-quality
thin films of a wide range of cathode materials, which allows for the exploration and
use of advanced materials to enhance the performance of SSLBs. While laser material
processing can potentially improve many aspects of SSLBs, there are several limitations,
including (i) precisely controlling the laser beam to modify only the desired interface
without causing damage to the surrounding materials can be difficult; (ii) localized heating
from the laser can create thermal stress within the battery components, leading to cracks or
delamination, especially in SSLBs” multi-layered structures; (iii) laser penetration depth can
be limited, making it challenging to modify thicker solid-state electrolyte layers uniformly;
and (iv) implementing laser material processing on a large scale for the mass production of
SSLBs can be costly and complex.

4.2. Future Perspectives

Developing cost-effective and scalable manufacturing processes for SSLBs is crucial
for their widespread adoption. Laser material processing could be integrated with the
R2R battery manufacturing processes, such as printing (e.g., screen printing, inkjet print-
ing, and 3D printing), wet-coating (e.g., tape casting and slot-die coating), pressing (e.g.,
cold/low temperature pressing and high temperature and cold sintering) and thin-film
vapor deposition processes (e.g., PLD, ALD, sputtering, thermal evaporation, and other
vacuum deposition processes) offering the potential for automation, precision, and high
throughput, which can contribute to efficiency, cost reduction, and scalability. For example,
ultra-short lasers like pico- to femtosecond lasers enable selective material removal with
minimal heat generation, allowing precise cutting or patterning of anode, cathode, and
solid electrolyte layers of various materials in SSLBs to facilitate the creation of a single cell
in a roll. Laser annealing/sintering processes could be integrated into the R2R production
line to adjust the crystalline phases of electrode and electrolyte materials, optimize their
properties, and improve their interface during the printing or coating processes to improve
their electrochemical performance. Laser surface cleaning could also be used to clean the
surface of the solid electrolyte layer in the R2R production line before printing or deposit-
ing the anode or cathode layer. The technique can be used to prepare welding areas by
removing surface contaminants to strengthen welds and improve their overall quality. By
combining with other thin-film deposition methods and laser processing techniques, PLD
could be used to produce thin-film SSLB packs, where the electrodes, solid electrolytes,
and electrical contact (i.e., current collectors) could be deposited and machined on flexible
substrates continuously in an R2R manufacturing line in a vacuum chamber to ensure a
clean environment, leading to higher quality thin-film SSLBs. The non-contact nature of
laser processing reduces the risk of contamination and damage to the underlying substrate.
Combining laser material processing with other technologies, such as 3D printing, can
lead to even more innovative and efficient battery designs. Laser processing is a high-
throughput process that is suitable for integration with the large-scale R2R manufacturing
line, which could also lead to more automated and flexible manufacturing lines and offer
cost-effectiveness and efficient material utilization, which is particularly important to make
SSLBs commercially viable.
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Further research into new solid electrolyte materials with high ionic conductivity and
good compatibility with electrodes is crucial for the future development of SSLBs. Laser
material processing could facilitate the development and testing of novel materials for
SSLBs. For example, PLD can be used to rapidly prototype and evaluate new electrolyte
and electrode materials in the model thin-film SSLBs since the technique can fabricate high-
quality electrodes and electrolyte layers and their interfaces. Laser material-processing
techniques such as texturing, ablation, and patterning could also be employed to create
optimized electrode and electrolyte structures with an enhanced surface area and porosity.
Optimizing the interface between the electrodes and the solid electrolyte is essential for
achieving high performance and safety for SSLBs. Laser material-processing techniques
such as drilling, surface cleaning, and ablation could be used to control the morphology
and composition at the electrode—electrolyte interface, which helps suppress the formation
of lithium dendrites, a major safety concern in SSBs. Continued research into faster and
more powerful new lasers will likely lead to further innovations in SSLB manufactur-
ing technology. An in-depth understanding of the interactions between lasers and novel
battery materials, such as halide- and sulfide-based solid electrolyte materials, will be
key to improving the efficiency and applications of laser material processing. In general,
laser material processing is expected to play a crucial role in the advancement of SSLB
technologies, contributing to the development and manufacturing of safer, more efficient,
and cost-effective SSLB solutions. While laser processing holds promise for processing
SSLBs” materials and components to enhance their performance, more research and de-
velopment are needed to better understand the laser material processes and to overcome
the technological limitations so that it can be successfully implemented in the large-scale
manufacturing of SSLBs. The advancements in SSLBs, enabled by laser material processing,
could result in the development of more-efficient and longer-range electric vehicles and
other portable electronic devices and contribute to a more sustainable future by reducing
reliance on fossil fuels and promoting electric mobility.

Funding: This research received no external funding.

Acknowledgments: The author would like to thank the National Research Council of Canada for
supporting this work.

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SSLBs  Solid-state lithium batteries

PLD Pulsed laser deposition

LLTO Lithium lanthanum titanate

EVs Electric vehicles

PEO Poly(ethylene oxide)

LLZTO Li6,6La3Zr1,6Ta0,4012

PEG Poly(ethylene glycol)

VGCF  Vapor-grown carbon fiber

LCO LiCoO,

LLZO Li7La3Zr2 012

R2R Roll to roll

EIS Electrochemical impedance spectroscopy
LiPON  Lithium phosphorous oxynitride
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