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ABSTRACT: The growing demand for compact, and reliable Substrate Anode Thinfilm battery
. .. . . . . . Cathode Solid
energy storage is driving innovation across electric vehicles, grid sys- . electrolyte

tems, and miniaturized electronics. The continued miniaturization
of devices requires ultrathin and highly reliable energy storage capa- " e o= /
ble of autonomous operation in rigid, flexible, and cryogenic plat- . : Cathode/ /

forms. Thin-film solid-state batteries (TFSSBs) are emerging as a Substrat
key solution, with thin-film solid electrolytes (SEs) enabling precise
control over ionic transport, interfacial stability, and mechanical . ] .
resilience at reduced dimensions. Fabrication techniques such as —
pulsed laser deposition (PLD), physical vapor deposition, atomic
layer deposition (ALD), and solution-based methods allow nano-
scale tuning of electrolyte composition and structure, enhancing
ionic conductivity and electrochemical performance. This article highlights the critical role of TESEs in advancing solid-state batteries
(SSBs), emphasizing PLD for its exceptional precision and tunability. By linking deposition parameters to ionic transport and interface
dynamics through operando X-ray diffraction, Raman spectroscopy, and time-of-flight secondary ion mass spectrometry, this spotlight
article also outlines fabrication principles and research pathways to accelerate the translation of TESSBs from laboratory prototypes to
practical, scalable devices.
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Bl INTRODUCTION electrolytes show moderate ionic conductivity, susceptibility to
interfacial degradation under high current densities and limited
mechanical compliance. It results in restricted power scaling
and long-term reliability. While LiPON is best known in bulk
form due to their wide electrochemical stability window and
favorable interfacial behavior with Li metal and oxide cathodes.”*
However, it still lacks in thin-film form. Apart from LiPON, many
other high-conductivity bulk SEs such as sulfides and complex
oxides are also proven to be difficult to translate into ultrathin,
dense, and chemically stable films due to volatility, reactivity,
and phase instability during deposition.””'" All these issues fur-
ther compounded by the strong dependence of defect chemistry,
ionic transport, and interphase formation during deposition pro-
cesses. Most importantly, the deposition methods, such as pulsed
laser deposition (PLD), RF sputtering, atomic layer deposition

The rapid miniaturization of microelectronic, MEMS, photonic,
and wearable systems has intensified the demand for compact,
reliable, and integrable energy-storage solutions that can
operate autonomously within microscale architectures.”* A
conventional liquid-electrolyte batteries are fundamentally con-
strained in such platforms because of their safety risks, leakage,
packaging overhead, and incompatibility with semiconductor
manufacturing workflows. These limitations become particu-
larly more severe in the case of implantable medical devices,
CMOS-based sensors, RFID tags, and distributed IoT nodes.
In this kind of system, long-term stability, maintenance-free
operation, and direct integration with silicon circuitry are
non-negotiable requirements.”* Thin-film solid-state batteries
(TFSSBs) have therefore emerged as a critical enabling technol-
ogy. TESSBs are constructed from ultrathin solid electrodes

and ion-conducting solid electrolyte (SE). They offer intrinsic Received: January 29, 2026 —
safety, excellent thermal and chemical stability, and seamless Revised:  May 18, 2026
compatibility with wafer-scale microfabrication.>® Accepted: May 1 81 2026

Despite their clear technological promise and decades of devel- Published: June 8, ’2026
opment, TESSBs continue to face fundamental materials and pro-
cessing challenges. Even the industrial benchmark of SE, which is

lithium phosphorus oxynitride (LiPON) and related amorphous
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Figure 1. Conceptual framework illustrating the multiparameter design space governing ideal TFSEs.

(ALD), and chemical vapor deposition (CVD), imposes distinct
kinetic and thermodynamic growth conditions which result in dif-
ferent ion dynamics in thin-film SE (TFSE). These deposition-
parameter-dependent changes are not yet fully understood.
While recent development using depth-resolved and operando
characterization techniques has fundamentally reshaped the
understanding of ion transport in TFSEs. These techniques
include in situ X-ray diffraction,'* Raman spectroscopy,'® cryo-
genic transmission electron microscopy (Cryo-TEM),'*'S scan-
ning transmission electron microscopy (STEM) coupled with
electron energy-loss spectroscopy (EELS),'"*™*° and time-of-
flight secondary ion mass spectrometry (TOF-SIMS).*" All these
studies revealed that TFSSB performance is not only governed by
intrinsic electrolyte properties. But, it is critically also dependent
on nanoscale phenomena such as space-charge effects, interphase
evolution, defect-mediated Li* pathways, and mechanically
driven failure modes under cycling.'>'***7** Moreover, in
TESE, where the thickness is in few nanometers, the interfaces
dominate volume. This will result in definitive alteration of film
density, framework connectivity, and interfacial energetics with
slight change in deposition parameters, which leads to change in
ionic mobility and electrochemical stability.

In this Spotlight article, we mainly focus on TFSEs as the
central materials bottleneck and opportunity for next-generation
TESSBs, where different deposition techniques are discussed.
While the particular emphasis on PLD as a highly controllable
and chemically versatile fabrication platform was highlighted. By
correlating deposition conditions with the properties of TFSEs,
such as film structure, ionic transport, and interface stability, with
the insights from operando XRD, STEM-EELS, Cryo-TEM,
Raman spectroscopy, and TOF-SIMS, this article outlines princi-
ples and research pathways spanning atomic-scale materials
engineering to fully integrated micro-battery systems. Through
this perspective, we aim to articulate a coherent roadmap for
the development of next-generation TFSSBs tailored for high-
performance and manufacturable microscale technologies.

Functional Requirements of Thin-Film Electrolytes
in TFSSBs

TFSEs occupy a distinctive scientific and technological position
within solid-state electrochemistry, where electrolyte thicknesses
reduced to tens—hundreds of nanometers give rise to transport,

interfacial, and mechanical phenomena that are fundamentally
inaccessible in bulk materials. Under such extreme dimensional
confinement, classical descriptions of ion migration, defect forma-
tion, and fracture mechanics no longer apply, and instead new
behaviors emerge that are governed by nanoscale connectivity,
interfacial energetics, and substrate constraint.'®?°72% These
effects enable microscale and on-chip battery architectures that
cannot be realized using any conventional bulk SEs, positioning
TESEs as an enabling components for TESSBs. Consequently,
the viability of TFSEs (see Figure 1) is governed by a stringent
convergence of properties, including sufficiently high Li* conduc-
tivity (~107% to 107* S cm™") to sustain rapid charge transport
across submicrometer layers, a wide electrochemical stability win-
dow (~0 to § V vs Li/Li*), mechanical robustness with pinhole-
free morphology to prevent fracture and short-circuiting under
extreme confinement, chemical compatibility with both Li metal
and high-voltage cathodes, and the ability to be deposited as
ultrathin, and uniform films which are fully compatible with
CMOS microfabrication workflows.

At nanometer-scale thicknesses, TFSEs act not only as
separators that prevent short-circuiting but also as functional
layers that define the kinetic limits of the entire device.”**°
The drastic reduction in Li* diffusion length allows high-rate
operation even when the intrinsic ionic conductivity of the elec-
trolyte is relatively modest.*’ ™ At the same time, vacuum-
based deposition techniques, most notably sputtering, PLD,
and ALD, enable unprecedented control over glass-network
organization, defect chemistry, and atomic-scale compositional
uniformity.>**~3¢ These growth routes yield a TESE thin film
which is dense, grain-boundary-free, and fully amorphous films.
It results in elimination of space-charge bottlenecks and provide
short, and homogeneous ion-transport pathways. While the
controlled incorporation of network modifiers such as nitrogen,
oxygen, and halogens further enables fine tuning of local bond-
ing environments and Li" hopping energetics. LIPON remains
the archetypal demonstration of these principles.

The work by Bates, Dudney, and co-workers on LiPON
has established that nitrogen incorporation results in restruc-
turation of the phosphate network to create favorable Li* hop-
ping sites without inducing crystallinity.”®*” The resulting
continuous amorphous framework removes mechanically and
electrochemically weak intergranular regions, which account
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for the exceptional stability of LIPON against metallic lithium,
and it further helps to resist dendrite penetration. Beyond trans-
port, TESEs in microscale architectures also play a critical inter-
facial role by suppressing parasitic redox reactions, limiting
cross-diffusion of mobile species, and stabilizing chemically
abrupt interfaces with both Li metal anodes and high-voltage
cathodes.**~** Achieving these functions relies on the deposi-
tion of dense, and pinhole-free layers with low defect densities,
a requirement that is further strengthened by vacuum-
integrated sequential processing, which minimizes interfacial
contamination. In this regard, LiPON exhibits a broad electro-
chemical stability window of approximately 0-5 V vs Li/
Li**"* and has demonstrated remarkable durability over
>10* cycles in vacuum-assembled microbattery stacks.*>**
Comparable interfacial stability has also been reported for
amorphous PLD-grown Li,PO, films, which remain stable up
to ~4.7 V, as confirmed by XPS and TEM analyses showing
minimal interfacial degradation.*>~**

Moreover, the mechanical robustness represents an equally
critical requirement for long-term TESSB reliability. Extreme
dimensional confinement amplifies stresses arising from sub-
strate constraint and thermal-expansion mismatch, particularly
when electrolytes are deposited on rigid silicon or metallic cur-
rent collectors*” ™% In this regime, many crystalline oxide elec-
trolytes exhibit increased stiffness and brittleness, leading to
fracture, delamination, or electrically catastrophic short circuits
at modest strain levels.>’ ~>* However, the amorphous electro-
lytes provide a clear advantage by accommodating strain with-
out initiating microcracks. Due to this amorphous nature, they
maintain a uniform mechanical barrier against Li intrusion.
LiPON, ultrathin LLZO and LAGP films exemplify this behav-
ior. But the LLZO and LAGP require adhesion layers or ther-
mal conditioning to avoid mechanical failure.”*™>¢ A similar
behavior is also observed in case of ALD-grown lithium
polyphosphazene electrolytes with roughness <2 nm. Thus,
atomically smooth surface correlates strongly with enhanced
resistance to dendrite penetration.”’

The TEFSEs must be fully compatible with semiconductor
and microfabrication workflows. They must tolerate sequential
vacuum deposition, lithographic patterning, and thermal treat-
ments typical of CMOS and MEMS processing without compo-
sitional drift, structural degradation, and interfacial failure.>>%>7

This requirement restricts viable electrolytes to materials
that are stable under vacuum, patternable at the microscale,
and robust against thermal cycling. LIPON remains the bench-
mark material in this regard, while phosphate glasses and
selected oxide systems, such as LLZO and LAGP, show steadily
improving, but still incomplete, compatibility.*>**°! In contrast,
sulfide electrolytes, despite their high intrinsic ionic conductivi-
ties, are fundamentally incompatible with microfabrication envi-
ronments due to rapid degradation under vacuum and extreme
moisture sensitivity.*>*> Consequently, unlike bulk SEs, TFSEs
must simultaneously satisfy stringent electrochemical, mechani-
cal, and process-integration constraints, making the identifica-
tion of universally viable material systems exceptionally
challenging.

Why PLD Is Advantageous for Thin-Film Electrolytes

The performance of TFSEs in TESSBs is mainly governed
fundamentally by the deposition strategy employed. Film
stoichiometry, microstructure, defect population, and interfacial
integrity are not only intrinsic material constants but also
emerge from the thermodynamic and kinetic boundary condi-
tions imposed during growth. Consequently, the choice of
fabrication technique exerts first-order control over ionic con-
ductivity, electrochemical stability, and long-term device reli-
ability. Across more than five decades of TFSSB research from
early Agl/Lil thin films to contemporary LiPON, garnet,
NASICON, and hybrid electrolytes, three deposition categories
have consistently demonstrated the ability to meet the stringent
requirements of nanoscale uniformity, chemical precision,
and interfacial cleanliness, which are sputtering,*”**~7*
PLD,***757%0 and ALD*"?'7%? (see Figure 2). These physical
vapor and surface-limited techniques enable dense, pinhole-free
films with nanometer-scale thickness control, which makes
them uniquely compatible with microscale and three-
dimensional battery architectures.

Among these methods, PLD occupies a distinctive niche for
complex inorganic electrolytes. Its laser-driven ablation process
enables near-congruent transfer of multicomponent targets, which
is a decisive advantage for lithium-containing oxides such as
Li,PO,, LLZO, and NASICON-type materials. Table 1 discusses
all the PLD parameters that influence ablation behavior, plume
dynamics, reactive nitridation, and film microstructure in oxide
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Figure 2. Schematic representation of the three thin-film deposition techniques examined in this work: (a) sputtering, (b) PLD, and (c) ALD.
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Table 1. PLD Parameters Influencing Ablation Behavior, Plume Dynamics, Reactive Nitridation, and Film Microstructure

in Oxide and Oxynitride TFSEs

parameter influence on deposition

laser fluence (energy density) the laser fluence governs the ablation rate, plume energy, and
extent of reactive nitrogen incorporation into the film, where
the higher fluence result in increase of both deposition rate and
nitrogen uptake but can also promote particulate formation

when excessively high

laser wavelength

utilization

pulse repetition rate

affecting film growth kinetics

background gas and pressure

the plume and lowers deposition rate

substrate temperature

the laser wavelength determines the absorption depth and
ablation efficiency of the target, where the shorter wavelength
enables more efficient and cleaner material removal. While
laser spot size influences ablation uniformity and target

the repetition rate controls the average deposition rate and
influences plume—substrate interaction frequency, thereby

the type and pressure of background gas regulate plume
expansion, reactive nitridation, oxidation state, and the degree
of amorphization in the growing film. Thus, higher nitrogen
pressure increases nitrogen incorporation but also contracts

characteristics/evidence

effective fluence values for LIPON"*! range from S to

20J cm ™, where it is observed that the conductivity
increases with fluence and saturates above ~15 J cm” 7,
while fluence values above thlS threshold significantly
increase droplet formation'

LiPON PLD has been demonstrated using 355 nm ultraviolet
radiation" from a Nd:YAG laser, and UV wavelengths are
generally preferred for oxide systems due to their hxgher
absorption and reduced thermal effects®***'3*7'%°

typical repetition rates for PLD are within 1—10 Hz, where

fora L1PON film growth, generally a 10 Hz repetition rate is
taken

for LiPON deposition, nitrogen pressures between 50 and
200 mTorr enhance nitrogen incorporation, leading to
increased conductivity, whereas excessive pressure reduces
deposition efficiency due to plume scattering

the substrate temperature dictates crystallinity, phase formation, LiPON films deposited near room temperature form
and densification of the deposited film, where lower

amorphous phases with high ionic conductivity

temperatures favour amorphous structures, while higher

temperatures promote crystalline formation

target—substrate distance

stabilize film morphology

influences uniformity, deposition rate, and particulate density
such that larger distances reduce droplet contamination and

increasing the target—substrate distance to S cm will result
in minimization of particulate contamination while it also
help to preserve an adequate deposition rate for smooth
PLD-LiPON film"*'

and oxynitride TFSEs. The high kinetic energy of ablated species
promotes dense microstructures and facilitates stabilization of
metastable and highly ordered oxide networks at comparatively
low substrate temperatures. As a result, PLD has emerged as one
of the few techniques capable of producing crystalline garnet and
NASICON thin films with technologically relevant ionic conduc-
tivities following appropriate post-deposition annealing,”%'%~1%¢
In contrast, sputtering represents the most technologically mature
and scalable route for amorphous TFSEs.*”*~7* RF and magne-
tron sputtering underpin the widespread adoption of LiPON,
where reactive N, plasmas enable controlled nitrogen incorpora-
tion. This yields electrolytes with excellent electrochemical stability
and full compatibility with CMOS and MEMS
processing.*”/957#107=113 While sputtering has been extended
to more complex oxides, such as LAGP, LATP, and LLZO, via
reactive and high-power impulse configurations.*”6>74107=113
However, sputtering frequently suffers from lithium volatility
and phase purity remains challenging for multicomponent
crystalline electrolytes.*>”5~7883,88=90

Other techniques like ALD defines the opposite end of the
process spectrum, which offers angstrom-level thickness control
and unmatched conformality through self-limiting surface
reactions.’”?' ™ Thermal and plasma-enhanced ALD have
enabled ultrathin amorphous electrolytes, such as LiN,O,
Li,0—AlLO;, Li,BO;, as well as LiPON-like oxynitride films,
which show excellent mechanical compliance and interfacial
stability.”””'~*” However, slow growth rates and limited lithium
precursor options continue to constrain throughput and mate-
rials diversity. Alternative fabrication routes, including chemical
vapor deposition (CVD), electrochemical deposition, solution-
based processing, mechanical deposition, and printing have
been explored to address scalability and cost."'*~'** However,
these approaches generally fail to simultaneously satisfy the
combined demands of nanometer-scale thickness control, stoi-
chiometric fidelity, and interfacial cleanliness required for
high-performance inorganic TFSEs. Such as CVD methods are

4858

restricted by the scarcity and instability of volatile lithium precur-
sors, elevated processing temperatures, plasma-induced damage,
and carbon contamination.''®'2°~!28 While electrochemical depo-
sition struggles to produce lithium-containing oxides and often
yields moisture-sensitive films.!'@120=128  Moreover, solution-
based and printing techniques frequently suffer from porosity,
cracking, nonuniform drying, and poor edge control,'®!20~128
while mechanical deposition and additive manufacturing lack the
resolution required for ultrathin films.''%!1%12%130

Based on the reports on fabrication of TFSEs, only three
deposition techniques, such as sputtering, PLD, and ALD, con-
stitute the most reliable and versatile fabrication methods. Each
technique has its benefits, such as sputtering is good for scalable
amorphous electrolytes, PLD is for stoichiometrically complex
and crystalline oxides, and ALD for conformal ultrathin coat-
ings. These benefits underscore the need to match deposition
physics with electrolyte chemistry, target thickness, and device
architecture. Despite major progress, several challenges remain
unresolved, too in different deposition techniques. Such as the
scalable routes for crystalline lithium garnet and sulfide TFSEs
with precise stoichiometry are still lacking. While the lithium
precursor chemistry limits both ALD and CVD expansion.
In the case of PLD, the scalability and particulate formation
remain concerns for industrial translation. Addressing these
gaps is essential to further develop TFSE, which requires hybrid
deposition strategies, advanced in situ diagnostics, and closer
integration between deposition science and device-level engi-
neering, as further discussed in this spotlight article.

Microstructure and Defect Control in PLD-Grown
Electrolytes

PLD occupies a unique position among thin-film techniques
owing to its ability to reproduce complex target stoichiometry,
stabilize metastable phases, and generate dense amorphous as
well as crystalline networks (Figure 2b).5%8778%134=136 ghort,
and high-energy laser pulses, typically from excimer or
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Nd:YAG sources, induce rapid target ablation and formation
of a highly energetic plasma plume that condenses on a heated
substrate, often with near-congruent transfer of multicompo-
nent compositions. This energetic growth environment
enables dense microstructures and crystallization at compara-
tively low substrate temperatures, making PLD particularly
effective for oxide electrolytes such as Li, PO, LLTO,
LLZO, and NASICON-type materials,”®!%971% which is fur-
ther detailed in Table 2. However, the electrochemical perfor-
mance of PLD TESEs is governed less by its intrinsic bulk
chemistry, but it largely depends on deposition-induced
microstructure.

Comparative studies across a broad library of oxide and glass-
ceramic electrolytes, including Li,PO,, LiBO,, Li,SiO;, Li,SO,,
LiAlO,, and Li,WO,, demonstrate a consistent trend. Such that
the large laser photon energies promotes dense, continuous,
and pinhole-free films, while lower-energy irradiation yields
rough, droplet-rich, and discontinuous layers.****!3*7135 The
dense microstructures maximize the connectivity of fast-ion
percolation networks and suppresses the parasitic electronic
conduction pathways. While the porous and cracked films
suffered with diminished ionic conductivity, degraded mechani-
cal integrity, and interfacial instability. Thus, the laser photon
energy emerges as a pivotal and broadly universal control knob.

Table 2. Comparison of Key Properties of PLD-Fabricated TFSEs

electrolyte
Li,PO N, (LiPON)

Li,PO,

Li,Si0,—Li,PO,
Li; 4V,68i0404
Lig 4LaZr, 4Tay 404,

Liz55Geg5Po7sS4
(Lig sLag ) TiO,
Li3xLal/3_xTaOS, x = 0.075

Li,0-Si,0 (LSO)
B-LiAlSiO,
LigBaLa,Ta,0,,
80Li,S-20P, S

Li,La,Zr,0,, (LLZO)

Li,La,Zr,0,, + Li,0

Li;La;Zr,0,, + LiOH
Li, 3Aly3Ti, ,(PO,); (LATP)

Ta-doped Li,La;Zr,0,,
(Ta-LLZO

LigsLasZr 75Tag 5501,

LL(Nb,Ti)O-(Ti, Nb)O,
La,LiHO,
Li, .Ge, PO, (LGPO)

Li,SiO,

Li,WO,
Li,SO,
LiBO,
ohara glass

LiTaOj, perovskite-oxide

ionic conductivity (S/cm) and
activation energy (eV)

1.6 X 10°° and 0.58 eV

4.5 %1077 and 0.6 eV
1.02x 1078

4.6 X 107" and 0.57 eV
1L6%x10°°
3% 1077 and 0.54 eV

0.67 + 0.05 eV (above 673 K) and
1.1 + 0.2 eV (below 673 K)

1.7 X 10™* and 0.38 eV
2.0 X 10~° and

0.2 X 107°~1.5 x 107® and
0.41-0.49 eV

2.2 % 10 * and 0.72—0.79 eV
~8 X 10> and 0.87 eV

107*-107°
2% 10" ®and 042 eV

7.9 % 107°

2.0 X 107°(001) and 1.0 X
10’5(111;

335% 10°

3.54%10°°

7.19 x 10”% and 0.45 eV

1.78 X 1077=7.36 x 10~ and
0.32—-041 eV

1.1 x 107>
1077 to 107° and 0.37—0.53 eV

23 % 10 " and 027 eV
1.3 X 107% and 0.46 eV

1-10 X 10~° and 0.60 eV
~107° and 0.47 eV

2.5 x 107° and 0.64 eV
1.3 % 10™% and 0.64 eV
1.1-4.5 x 10~* and 0.78—0.94 eV

1.0 X 107 and 0.20 eV
54 % 107 and 0.62 eV
2.8 X 107 and 0.68 eV
1.6 X 107" and 0.69 eV

electro-chemical

window vs Li (V)

PLD conditions film thick-ness ref

0-5.5 Nd:YAG laser (Spectra Physics, GCR- 2.4—3 um 131
190) laser and repetition rate 10 Hz.
0-4.7 ArF excimer laser (Coherent 1.5 pm 134
COMPexPro 102) and S Hz
3.0-4.3 ArF excimer laser and 5—20 Hz 50 nm 137
2.5-4.5 ArF excimer laser 1.0 pm 138
ArF excimer and S Hz 83
0-3.6 KrF excimer laser and 10 Hz ~1.0 pm 139
0.5-3.0 Q-switched Nd:YAG laser and 10 Hz 2.5 pm 135
Nd:YAG laser and 10 hz 2—S pm 103
KrF excimer laser and 10 Hz 3.2 pm 77
3.3-4.0 4 Hz 360 nm 140
Lambda Physik COMPex 205 excimer 359—409 nm 141
laser and 10 Hz
KrF and Nd:YAG laser 0.15 pm 142
KrF excimer laser (LAMBDA 1.2 pm 143
PHYSIK) and 10 Hz
K rF excimer laser and 10 Hz 0.0075—1.2 pm 144
042 KrF-laser (Compex 201 F, Coherent 200 nm 76
and 10 Hz
KrF excimer laser (LPXPro, Lambda 3.0 pm 145
Physik, Santa Clara) and 10 Hz
KrF excimer laser and 520 Hz 26.2 nm (001) and 146
30.4 nm (111)
KrF excimer laser and 10 Hz 147
KrF excimer and S Hz 100 nm 148
KrF excimer laser and 10 Hz 1 pm 149
KrF excimer laser and 10 Hz 1 pm 149
KrF excimer and 5 Hz 100 nm 148
2.8-4.5 KrF excimer laser (Coherent <1 pm 111
COMPex PRO) and 50 Hz
0.05-5 KrF excimer laser and 10 Hz 330 nm 150
Nd:YAG laser source (Handy YAG ~ 500—700 nm 100
Quanta System Q-switched) and 10
Hz
KrF excimer laser and S Hz 100 nm 151
Nd:Y;ALO,, solid-state laser 152
—0.5to 7 KrF excimer laser and 10 Hz 150—300 nm 153
KrF excimer laser (LAMBDA 100—250 nm 154
PHYSIK LPX 300) and 10 Hz
3.0—-4.4 ArF excimer laser and § Hz 2.7 um 155
ArF excimer and 5 Hz 83
Nd:YAG laser 0.08—0.1S um 156
Nd:YAG laser 0.03—0.47 um 157
ArF excimer and S Hz 83
ArF excimer and S Hz 83
ArF excimer and S Hz 83
ArF excimer and S Hz 83
KrF excimer laser and 4 Hz 340 nm 81,158
4859
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Figure 3. Typical PLD system and the plume during film deposition. Panels (a—c) present optical micrographs of Li,PO, films produced using the
fourth harmonic of an Nd:YAG laser, an ArF excimer laser, and a XeCl excimer laser, respectively. Panel (d) provides a cross-sectional FE-SEM image
fabricated with the ArF excimer source. Reproduced or adapted with permission from ref 83. Copyright [2009] [Elsevier].

Though laser photon energy, film density, morphology, defect
landscapes, and ultimately lithium-ion transport can be easily
controlled. This microstructure-centric paradigm with laser
energy is especially evident in wide-band-gap oxide electrolytes,
where subtle differences in plume energetics translate
into orders-of-magnitude changes in ionic conductivity. These
observations establish laser energetics as a generalizable design
parameter for PLD-grown TFSEs.

Moreover, the properties of TFSEs are also dependent on
laser wavelength. Kuwata et al. demonstrated that laser wave-
length, and therefore photon energy, directly govern both
film morphology and lithium-ion transport (Figure 3).** High-
energy ArF excimer irradiation (193 nm, 6.4 eV) produces
smooth, dense, and homogeneous amorphous films, whereas
lower-energy Nd:YAG (266 nm) and XeCl (308 nm) sources
generate rough surfaces populated by micron-scale droplets.
As a direct consequence of this morphological control,
ArF-deposited Li,PO, exhibits a room-temperature ionic
conductivity of ~4.6 X 107° S cm™" with an activation energy
of ~0.57 eV, nearly two orders of magnitude higher than
films grown with longer-wavelength lasers.*> The superior
performance of ArF-PLD films is attributed to more efficient
photon absorption at the target surface, reduced splashing
and particulate ejection, and stabilization of a dense amorphous
phosphate network favorable for Li* migration. Similar
wavelength-dependent effects have since been reported for
amorphous Li,0-SiO,, Li,Si0,—Li,SiO; films, and LiPON-
related compositions,®*'*>'*#15> confirming that short-wave-
length, high-photon-energy excitation is a powerful route to
microstructural optimization in oxide TFSEs. Figure 3 schemat-
ically illustrates a typical PLD setup and plume evolution, while
Figure 3a—d directly correlates laser source with Li,PO, film
morphology and cross-sectional density.**

Further, the substrate temperature and post-deposition
annealing offer effective secondary levers for tailoring density
and interfacial chemistry. These parameters introduce
additional degrees of freedom for tailoring electrolyte micro-
structure and interfacial chemistry. For amorphous perovskite
electrolytes, such as LLTO, growth at intermediate
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temperatures (400-600 °C) followed by rapid thermal anneal-
ing near 700 °C has been shown to improve capacity retention
in SSBs. This is attributed primarily to interfacial restructuring
and reduction of contact resistance rather than dramatic
enhancement of bulk ionic conductivity.'*” Such that the ther-
mal treatment facilitates interdiffusion at electrode—electrolyte
interfaces, which promote intimate contact and reduce interfa-
cial impedance. In contrast, for sulfide-based films, such as
thio-LISICON compositions (e.g., Li; ,sGeg 5Py 75S,) and lith-
ium thiophosphate glasses (80Li,S-20P,S;), low-temperature
deposition is essential to preserve the amorphous and glassy
structure.””'*> Though the moderate post-annealing (typically
200-300 °C) can beneficially increase local structural order
and improve percolation network connectivity without inducing
crystallization and grain boundary formation. Ohta et al. illus-
trate this delicate balance between maintaining glassy disorder
for low activation energy in PLD thio-LISICON films. It also
introduces sufficient short-range order to enhance carrier
mobility, which achieves conductivities exceeding 107 S-em™"
at room temperature.”” Also, the importance of film density
cannot be overstated, too, as pinholes and cracks not only pro-
vide short-circuit paths for electrons (reducing coulombic effi-
ciency) but also expose reactive electrode materials to each
other, leading to interfacial degradation and capacity fade.
Moreover, the film thickness and substrate selection introduce
yet another layer of complexity, particularly for ultrathin elec-
trolytes where interfacial effects dominate. Reducing electrolyte
thickness is a straightforward strategy to minimize ohmic drop
and enable high-rate operation. However, ultrathin films are
highly susceptible to substrate interactions that can either
enhance or degrade performance. A high ionic conductivity
and electronic insulation were maintained for a 15 nm PLD
LiPON film on ion-blocking substrates, such as Pt or TiN,
which prevent Li exchange and preserve stoichiometry through-
out the electrolyte layer.'¢~16>

Conversely, when nonblocking oxide substrates like TiO, are
employed, lithium out-diffusion occurs during deposition
(driven by the temperature and chemical potential gradient)
or during subsequent annealing, creating a lithium-depleted
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Figure 4. XRD profiles of LLTO films deposited on SrTiO,(100) and NdGaO;(110), showing both wide-range and magnified out-of-plane scans,
together with in-plane diffraction data. The accompanying schematics indicate the corresponding c-axis orientations on each substrate.
(b) Temperature-dependent in-plane ionic conductivity of a 36-nm LLTO film on NdGaO,(110), with Nyquist plots and the measurement geometry
provided in the inset. Reproduced or adapted with permission from ref 22. Copyright [2012] [Elsevier].

interfacial region with reduced carrier concentration and there- (~0.65—0.71 mol), which compensates lithium loss during
fore lower effective ionic conductivity.'*'** Ohnishi and deposition and substitutes for Li sites in the garnet lattice.
Takada®* demonstrated the controlled growth of epitaxial This Al substitution reduces the concentration of mobile Li*
LLTO thin films by PLD, establishing the processing conditions and disrupts the three-dimensional migration network, which
necessary to probe intrinsic Li-ion transport in this perovskite leads to markedly lower ionic conductivities compared to bulk
electrolyte. Because Ti must be preserved in the Ti** state to LLZO, where the conductivity is 2.5 X 107 S cm™" for
stabilize the lattice, crystallization occurs only under stringent LLZO (001) and 1.0 X 107> S cm™" for LLZO (111) at room
conditions, temperatures exceeding 900 °C and oxygen pres- temperature. The Arrhenius behavior shown in Figure 5 dem-
sures above 5 Pa, with fully optimized growth achieved at onstrates activation energies of 50—53 kJ mol ™!, and the higher

1050 °C and 10 Pa O,. Under these settings, the films exhibit conductivity of the (111) film is attributed to its smaller lattice
layer-by-layer growth, confirmed through RHEED oscillations misfit and reduced strain relative to the (001) film. This

and AFM-observed terrace structures. Figure 4a showed that substrate-induced compositional gradient can extend several
how the substrate choice dictates epitaxial orientation. On nanometers into the electrolyte, which leads to effective increas-
SrTi0,(100), LLTO forms a two-domain in-plane c-axis config- ing the resistive thickness.

uration, whereas on NdGa0O,(110), it adopts a predominantly There are some post-deposition processes that can also affect
out-of-plane c-axis alignment. The LLTO film grown on the ionic conductivity. For example, Rawlence et al. investigated
NdGaOj, approaches a single-domain state and enables more how post-lithiation influences the phase stability and micro-
reliable assessment of directional ion transport. Figure 4b pre- structural evolution of pulsed-laser-deposited Al-stabilized
sents the temperature-dependent in-plane conductivity of a LLZO thin films on MgO, revealing that lithium incorporation
36-nm film on NdGaO,, revealing Arrhenius behavior with an is strongly thickness-dependent and directly governs both mor-
activation energy of 0.35 eV and a room-temperature conduc- phology and functional performance.'”> As shown in Figure 6,
tivity of ~3.5 X 107> S cm™". Although lower than bulk intra- films below ~90 nm lithiated effectively and crystallize into
grain values, likely due to epitaxial strain and Li deficiency cubic LLZO but form discontinuous de-wetted islands, while
arising from preferential scattering of light Li species during intermediate films near 110 nm exhibit mixed cubic/tetragonal
PLD, the films provide a robust platform for examining aniso- phases with partially connected morphologies. For thicker films
tropic Li-ion motion and inform strategies for optimizing (>130 nm), lithium incorporation becomes insufficient, leading
next-generation TFSEs. A similar substrate mismatching condi- to dense but predominantly Li-deficient La,Zr,0,—LLZO mix-
tion is utilized in LLZO where substrates with different crystal- tures. These structural transitions highlight a trade-off such as
lographic orientations are used to deposited (001) and (111) thinner films achieve the desired cubic garnet phase but lack
orientations LLZO. Kim et al. reported the first successful film continuity, whereas thicker films provide dense, process-
synthesis of epitaxial Al-doped LLZO thin films with controlled able layers but lose lithium and transform into less conductive
(001) and (111) orientations on Gd;GaO,, substrates using impurity phases. Electrochemical impedance spectroscopy
PLD, enabling direct evaluation of lithium-ion transport (EIS) shows that a 380-nm film delivers a bulk ionic conductiv-
within single-crystal grains without grain-boundary effects.'* ity of 1.2 X 107 S cm™" at 325 °C, despite dual activation ener-
Structural characterization (XRD and XRR) confirms high- gies reflecting mixed-phase conduction pathways. Collectively,
quality epitaxy with slight lattice distortions that differ between the work establishes that the post-deposition treatment of cubic
orientations, while ICP-MS reveals significant Al incorporation LLZO in thin films is tightly linked to lithiation efficiency,
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underscoring the need to balance microstructure, phase purity,
and Li retention when designing garnet-based TFSEs for future
microbattery architectures.

Thus, these observations underscore the necessity of
carefully matching substrate chemistry to electrolyte composi-
tion and processing conditions. Collectively, findings across
Li,PO,, LiPON, perovskite, garnet, and sulfide TFSEs systems
establish a unified, microstructure-centric design paradigm in
which PLD parameters dictate electrolyte performance through
three interrelated mechanisms: (i) stoichiometry and dopant
incorporation, governed primarily by ambient gas chemistry
and laser fluence;**"*! (ii) defect chemistry, modulated by oxy-
gen or nitrogen partial pressure and post-deposition thermal
history; #1967 and (iii) microstructure and film density, con-
trolled by laser photon energy, substrate temperature, and
annealing protocols.”*#!4>144155 This framework underscores
a fundamental shift in the understanding of TFSEs, namely that
ionic transport is not an intrinsic material constant but an engi-
neered property arising from deposition physics. Consequently,
precise control over laser energetics and the broader PLD
parameter space enables the rational design of TFSEs with tai-
lored ionic conductivity, interfacial stability, and electrochemical
performance, positioning PLD as a uniquely powerful platform
for the development of next-generation thin-film battery
architectures.

Diffusion Analysis of PLD-Grown Electrolytes

In contrast to bulk SEs, where ionic diffusion has been systema-
tically quantified using a combination of EIS, nuclear magnetic
resonance (NMR), and time-of-flight secondary ion mass

https://doi.org/10.1021/acsaelm.6c00171
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spectrometry (TOF-SIMS), quantitative insight into diffusion
processes in TFSEs remains remarkably sparse. For bulk
materials, EIS provides indirect diffusion estimates through
ionic conductivity, NMR yields self-diffusion coefficients, partic-
ularly effective in lithium-rich compositions, and TOF-SIMS
enables spatially resolved visualization of ion migration, allow-
ing separation of bulk, grain-boundary, and interphase transport
pathways.”' By comparison, diffusion studies in TFSEs architec-
tures have largely remained confined to impedance-based
analyses, leaving nanoscale transport mechanisms in ultrathin
electrolytes poorly constrained. A notable exception is the sem-
inal work of Kuwata et al.,, who established a rigorous and exper-
imentally accessible framework for directly quantifying lithium
tracer diffusion in amorphous Li;PO, thin films. Using dense,
crack-free a-Li,PO, layers grown by PLD, the authors imple-
mented stable-isotope (°Li/”Li) exchange combined with
secondary ion mass spectrometry (SIMS) to overcome the
limitations of conventional electrochemical probes."** Two
complementary isotope-diffusion geometries were designed
and schematically summarized in Figure 7a. First one is a verti-
cal ion-exchange configuration, in which a ®Li-enriched film is
immersed in a natural-lithium electrolyte to generate a sharply
defined isotopic interface normal to the film surface. While
the second one is a lateral mask geometry, where a natural-Li
overlayer is selectively deposited across a °Li film, enabling
in-plane diffusion analysis along a well-defined interface, as
shown in Figure 7b.

(a) PY/SiO,
 substrate
»

: l
nLCIO,/PC ,
line analysis
b i lysi : 2
(b) 5Li,PO, ,"i,PO, ine analysis o 519, 7Li 49%
y 2 P
»
Pt/SiO, substrate : | Pt/SiO, substrate I Pt/SiO, substrate

(c)

“Wuratio

Figure 7. Schematic illustration of the two diffusion couple fabrication
approaches: (a) the ion-exchange route, in which a ®Li-rich a-Li;PO,
film is partially substituted with natural-Li by immersion in a
LiClO,/PC electrolyte, and (b) the mask-assisted deposition route,
where a "™'Li overlayer is patterned onto a °Li film. The resulting
°Li/Li distributions were quantified using SIMS line profiling.
Representative isotope maps for diffusion couples formed by the ion-
exchange method are shown for (c) the as-prepared interface and
(d) the sample after annealing at 120 °C for 24 h. All mappings were
acquired over a 200 X 200 pm” scan area. Reproduced or adapted with
permission from ref 133. Copyright [2016] [Elsevier].
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SIMS isotope maps (Figure 7c,d) directly visualize lithium
migration in these diffusion couples. The as-prepared samples
show a sharp isotopic boundary below 10 pm. After annealing
at 120 °C, this boundary broadens beyond 100 pm, which
directly confirms Li* transport in real space. SIMS line
profiles were then fitted using Fick’s second law, which
results in a room-temperature tracer diffusion coefficient of
6 x 107" cm?® s7! with activation energy ~0.58 eV. These
values are consistent for both diffusion geometries, which
confirms the reliability of the method. It also indicates thermally
activated hopping in a disordered phosphate network.
Impedance spectroscopy gives 6 ~ 2.9 X 1077 S cm™' at
25 °C, with activation energy ~0.55 eV. The Haven ratio
is ~0.55 =+ 0.20 from 25 to 160 °C. A value below unity indi-
cates correlated lithium motion. This is typical for glassy phos-
phate electrolytes. Overall, isotopic mapping and diffusion
analysis provide a robust framework, which links microscopic
diffusion with macroscopic transport. This establishes a reliable
approach to study Li* mobility in TFSEs. It also provides key
insight for designing PLD-grown TFSEs in microbattery and
TFSSB systems.

It is important to note that studies employing time-of-flight
secondary ion mass spectrometry (TOF-SIMS) on TFSEs
remain relatively scarce. In this context, selected investigations
involving electrochemically active electrode materials are dis-
cussed to provide a broader perspective on ion transport and
interfacial processes. These studies offer a conceptual frame-
work from which analogous methodologies may be extended
to TESEs, enabling deeper insight into diffusion behavior and
interfacial chemistry. As such, the active electrode materials nec-
essarily function as mixed ionic—electronic conductors, in
which lithium diffusion through the host lattice constitutes a
rate-limiting process that is formally governed by the same
Fickian transport framework applied to SEs. Kuwata et al. signif-
icantly broadened the scope of SIMS by applying it to spinel
Li,Mn, O, thin film cathodes, thereby demonstrating the gener-
ality of the approach for quantifying intrinsic lithium mobility
in crystalline, electrochemically active materials.'®® Using a
step—isotope-exchange SIMS methodology (Figure 8a), lateral
position within a PLD-grown film is mapped to effective
exchange time by sequential exposure to a °Li-enriched electro-
Iyte. Representative isotope profiles obtained for Li, Mn,0,
(Figure 8b,c) exhibit well-defined step-like features and yield
a tracer diffusion coefficient D* ~ 3.5 X 1073 cm? 57
Systematic variation of lithium content (Figure 8d) uncovers a
striking four-order-of-magnitude increase in D” upon delithia-
tion within the a-phase, quantitatively described by a vacancy-
mediated diffusion model. In contrast, modest reductions in
D" across the B-phase and two-phase regions highlight the
kinetic influence of lithium ordering, Li—Li repulsion, and
phase-boundary traversal.'® Similarly, the applicability of
SIMS to anisotropic layered oxides was further demonstrated
in Li,CoO, thin films, where lithium diffusion along the
crystallographic c-axis has long been debated.'® The room-
temperature tracer diffusion coefficients reveal that D" spans
nearly five orders of magnitude (~107'7 to 107'* cm? s7')
across 0.4 < x < 1.0 and collapses sharply near stoichiome-
try.'®® This behavior is quantitatively captured by a vacancy-
blocking model in which Li mobility scales with (1 — x). To
reconcile finite c-axis diffusion with the absence of continuous
diffusion channels through CoO, slabs, a physically grounded

mechanism is proposed, wherein lithium ions migrate via
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Chemical Society.

defect-assisted pathways such as antiphase boundaries, coupled
with rapid ab-plane transport between successive defects.'®”

Impact of Electrolyte Properties on Interfaces
and Battery Performance

TESSBs represent a distinct class of electrochemical energy-
storage devices in which all battery components, cathode, SE,
and anode, are fabricated as thin films, typically with thicknesses
ranging from tens of nanometers to a few micrometers. TESSBs
offer intrinsic advantages over bulk solid-state and liquid-
electrolyte batteries, including elimination of leakage and flam-
mability risks, high interfacial stability, rapid charge—discharge
capability, and compatibility with microelectronic integration.
However, their development critically depends on SE materials
selection, thin-film deposition fidelity, and interfacial engineer-
ing, as we discussed in the above sections. We have extensively
worked on TESSBs using PLD, and trace the evolution of
TESSB research, from early demonstrations of LiPON-based
cells to high-rate oxide systems fabricated by PLD. The earliest
demonstration of a PLD-enabled TFSSB was realized in a
fully inorganic configuration, representing a landmark advance
in thin-film battery research.'*> In that work, Kuwata et al.
constructed a multilayer device consisting of a crystalline
LiCoO, cathode, an amorphous Li,0—V,0,—SiO, (LVSO)
SE, and an amorphous SnO anode, with most layers deposited
by PLD."3

A schematic of the device architecture is presented in
Figure 9a, while the cross-sectional SEM micrograph in
Figure 9b reveals compact and uniform LiCoO,, LVSO, and
SnO films separated by abrupt interfaces, with an overall thick-
ness of roughly 2 um. The deposited LVSO electrolyte layer
exhibits a dense and smooth morphology which is free from
pinholes. The compositional analysis indicates a stoichiometry
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of Li, , V) <4810 46054 Impedance spectroscopy measurements
yielded an ionic conductivity of 2.5 X 1077 S cm™" at 25 °C
with an activation energy of 0.54 eV. Further, the electrochem-
ical testing of the PLD-grown TFSSB confirmed stable battery
operation, as shown in Figures 9c and 4d. The TFSSBs reach
an open-circuit voltage of approximately 2.7 V at full charge
and maintain reversible charge—discharge behavior over 100
cycles within a 0—3.3 V window. Although the discharge
capacity gradually declines to about 45% of its initial value
after 100 cycles, the cell preserves high cycling efficiency."**
Post-cycling cross-sectional analysis (Figure 9e) shows that
both the LVSO electrolyte and the cathode/electrolyte
and anode/electrolyte interfaces remain smooth and intact,
underscoring the suitability of amorphous LVSO films and
PLD processing for reliable thin-film microbattery fabrication.

Moreover, Kuwata et al. employed the high-rate PLD
(Figure 10a) to fabricate TFSSBs, achieving deposition rates
of approximately 2.2—3.4 pm h™" for LiCoO,, an order of mag-
nitude higher than conventional PLD approaches through the
use of high-repetition, high-power lasers.*® When integrated
with amorphous Li;PO, SE into TFSSBs (cross-sectional
SEM image shown in Figure 10b), the areal capacity®®
increased monotonically with cathode thickness, reaching a
maximum value of ~470 pAh cm™2 They also optimized the
synthesizes of high-quality Li,PO, thin films by PLD as SE
for TFSSBs, and their structural, compositional, ionic trans-
port, and electrochemical properties were systematically
evaluated. Using an ArF excimer laser, dense and smooth
amorphous Li,PO, films were obtained, which provides
sufficiently high photon energy. The microscopy and XRD
confirmed the uniform morphology and amorphous nature
of the ArF-grown films.*> The Li,PO, electrolyte behaves as
a single lithium-ion conductor with an ionic conductivity of
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Figure 10. (a) Photograph of the high-rate PLD system, enabling deposition rates several times higher than conventional PLD processes. (b) Cross-
sectional SEM image of a thick LiCoO, cathode film deposited by high-rate PLD, illustrating dense columnar microstructure. Reproduced or adapted

with permission from ref 86. Copyright [2018] [Elsevier].

4.0 X 1077 S cm™" at 25 °C and an activation energy of 0.58
eV, while maintaining electrochemical stability over a wide
potential window from 0 to 4.7 V vs Li/Li*. Spectroscopic
analysis revealed that the films consist of interconnected
(PO,)*" tetrahedra and (P,0,)*" units, and a decrease in
ionic conductivity with increasing oxygen pressure during
deposition was attributed to lithium loss.

Further, fully inorganic Li/Li,PO,/LiCoO, TFSSBs (sche-
matic shown in Figure 11a) fabricated entirely by PLD demon-
strated excellent lithium intercalation behavior and outstanding
long-term stability between 3.0 and 4.4 V. Cyclic voltammetry
performed at scan rates from 3 to 60 mV min~" showed highly
reversible electrochemical responses with sharp redox peaks
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between 3.7 and 4.4 V, corresponding to well-defined phase
transitions within the layered LiCoO, structure, indicative of
fast charge-transfer kinetics at the cathode—electrolyte interface,
as shown in Figure 11b. Charge—discharge measurements
revealed stable capacities with LiCoO, utilization as high as
95%, minimal polarization, and virtually no capacity fading even
after 1000 cycles, with post-cycling profiles nearly identical to
those of the initial cycles.”” Compared with liquid-electrolyte
systems, where electrolyte decomposition and cobalt dissolu-
tion severely limit cycling stability at high voltages, the solid-
state configuration retained up to 99% of its initial capacity over
prolonged cycling (Figure 11c), underscoring the critical role of
Li,PO, electrolytes in enhancing both the safety and lifetime of
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high-voltage lithium thin-film batteries. Thus, these PLD-based
TESSBs, clearly position Kuwata et al.’s contributions as foun-
dational to the development of TESSBs.'3*%8486=89,134135170
However, despite substantial progress, several fundamental
challenges remain unresolved, which include the simultaneous
realization of interfacial phenomena, the suppression of interfa-
cial resistance to below 10 Q cm?, and the extension of thin film
battery concepts beyond micro-power applications. Further
progress in interface engineering and thin film processing is
expected to address these challenges and expand the applicabil-
ity of PLD-based TFSSBs.

Advanced Characterization of PLD-Grown SEs and TFSSBs

In PLD TEFESEs, interfacial phenomena exert a first-order control
over the electrochemical performance, rate capability, and long-
term reliability of TFSSBs. Unlike solution-processed or sput-
tered architectures, PLD uniquely combines stoichiometric
fidelity with subnanometer thickness control, which enables
the fabrication of dense amorphous, nanocrystalline, and epi-
taxial electrolyte layers whose interfaces can be engineered
and interrogated with exceptional precision. When coupled with
fully in-vacuo (UHV-connected) processing, where cathode,
electrolyte, and lithium anode are sequentially deposited with-
out air exposure, PLD provides an ideal platform for isolating
intrinsic interfacial transport, redox, and phase-transition mech-
anisms, free from parasitic surface contamination and adventi-
tious interphases.'”' However, this same level of control
renders PLD interfaces exquisitely sensitive to lithium chemical
potential, plume— surface interactions, redox compatibility, and
diffusion kinetics, as discussed above. As a result, interfacial sta-
bility in PLD-grown TESEs, such as oxide, oxynitride, and phos-
phate electrolytes (Li,PO,, LIiPON, LLZO, LATP/LAGP, and
LISICON derivatives), has emerged as one of the most inten-
sively scrutinized aspects of TESSB design. At both cathode
and anode interfaces, uncontrolled electronic leakage, interdiffu-
sion, and SCL formation can degrade ionic conductivity, pro-
mote dendritic failure, or trigger chemically mixed interphases.
Addressing these effects requires a combination of complemen-
tary characterization techniques, each probing distinct aspects
of interfacial behavior, including structural evolution, chemical
diffusion, and electronic reconstruction.
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Operando Raman Spectroscopy. In situ micro-Raman
spectroscopy directly probes local structural changes and phase
transitions for directly visualizing structural and interfacial
dynamics in PLD-fabricated TFSSBs. In a seminal study,
Matsuda et al. employed in situ Raman spectroscopy to investi-
gate PLD-grown LiCoO,/Li,PO, thin-film cells during electro-
chemical cycling.'”> By recording spectra from both the
electrolyte-facing front surface and the Li-contact back surface
through a transparent ITO current collector (Figure 12a,b),
the authors achieved spatially resolved tracking of phase evolu-
tion in Li CoO, under operating conditions. Using in situ
micro-Raman spectroscopy, they provided a clean view of struc-
tural evolution during electrochemical cycling to directly moni-
tor the structural evolution of the Li CoO, cathode during
electrochemical cycling.'”” The study focuses on tracking the
A, and E, Raman-active modes of LiCoO,, which serve as sen-
sitive probes of the changes in the c-axis lattice parameter asso-
ciated with lithium deintercalation, as shown in Figure 12¢,d
(front surface) and Figure 12ef (back surface).'”” During
charging, both vibrational modes shift to lower wavenumbers
as Li is extracted and the cathode undergoes the well-known
sequence of phase transitions from H1 — H2 — monoclinic
— H2/, with the largest shifts occurring around 3.9—4.1 V,
where the two-phase coexistence begins. A key finding is that
front-surface measurements show pronounced hysteresis in
the Raman peak positions between charge and discharge,
whereas back-surface measurements show almost no hysteresis.
By correlating these results with the geometry of the cell, the
authors show that the hysteresis arises from the diffusion-
limited propagation of the H1/H2 phase boundary, such that
at the front surface, the Raman probe is located ~1 pm away
from the Li contact, so structural changes lag behind the elec-
trochemical state due to finite Li diffusion (D ~ 1 X 107!
cm? s71), whereas beneath the Li anode the structural transfor-
mation is immediate. Moreover, a closely related operando
Raman investigation by Kuwata et al. extended this framework
to PLD-fabricated Li/a-Li;PO,/LiMn,0O, thin-film batteries.'?
Thin-film batteries with a Li/Li;PO,/LiMn,0O, configuration
were fabricated by PLD and thermal evaporation, enabling opti-
cal access to the cathode during electrochemical operation.
The in situ Raman spectra clearly resolved the characteristic
vibrational fingerprints of the a (LiMn,0,), p (LiyMn,0,),
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Figure 12. Schematic illustration of (a) the front side and (b) the back side of the TFSSBs, which are configured for in situ Raman measurements.
The corresponding Raman spectra collected from the front-facing Li,CoO, cathode are presented for (c) the charging step and (d) the discharge step
and the back side of the TFSSBs for (e) charging and (f) discharging. Reproduced or adapted with permission from ref 172. Copyright [2019]

[Elsevier].

and A (MnO,) phases, as the cathode underwent sequential
o — P — A phase transitions, while the reverse sequence
occurred during discharge. The authors implemented a one-
dimensional diffusion model that couple’s lithium chemical
diffusion with a lattice-gas—based potential—composition rela-
tionship. By fitting the experimentally observed Raman hysteresis,
an average chemical diffusion coefficient of Li* in Li,Mn,O, of
~6 X 107" cm” 57" was extracted. This value agrees well with
diffusion coefficients previously determined for LiMn,O, thin
films using electrochemical and isotope tracer methods, reinforc-
ing the physical validity of the model. Taken together, these stud-
ies demonstrate that the in situ Raman spectroscopy provides a
uniquely powerful framework for elucidating diffusion-limited
phase-transition dynamics and interfacial effects in TFSSBs.
XPS and UHV Processing. Haruta et al. reported a fully
UHV-connected fabrication and characterization platform which
integrates PLD, RF sputtering, and a thermal evaporation system
in order to assemble TFSSBs entirely without air exposure.'”*
The TFSSBs comprise PLD deposited LiCoO,, sputtered
LiPON, and thermally evaporated lithium. The fabricated
TESSBs show exceptionally sharp redox features with stable
cycling even at rates up to 20 C. The structural analysis revealed
that Li-ion transport proceeds preferentially along LiCoO, grain
boundaries rather than across basal planes, while XPS confirmed
the chemical stability of both Co and nitrogen environments in
LiPON. Thus, Haruta et al. established a benchmark for probing
intrinsic electrolyte/electrode interactions, which demonstrates
that UHV-prepared interfaces can sustain high-rate operation
without post-annealing. Further, the interfacial degradation in lay-
ered oxide cathodes can be mitigated through conformal surface
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coatings. Kato et al. systematically compared amorphous lithium
tantalate (LTaO) and lithium niobate (LNbO) coatings depos-
ited by PLD on LiCoO, thin films."”® SIMS-based °Li/"Li iso-
tope exchange revealed lithium tracer diffusion coefficients of
~107" cm® s7! in both coatings, among the highest reported
for amorphous lithium oxides. While both coatings reduced
charge-transfer resistance and improved high-rate performance,
XPS revealed partial oxidative degradation of LTaO during
cycling, whereas LNbO remained chemically stable. These results
demonstrate that high lithium mobility alone is insufficient; long-
term interfacial performance is governed by the balance between
fast ion transport and chemical robustness.'”> Hence, X-ray-
based methods are particularly powerful for elucidating redox
heterogeneity, degradation pathways, and chemo-mechanical
coupling at interfaces.

X-ray Microscopy and X-ray Absorption. Researchers
have investigated a thin-film battery using operando full-field
transmission X-ray microscopy and operando hard X-ray photo-
electronspectroscopy (HAXPES). Ishiguro et al. employed
operando full-field transmission X-ray microscopy combined
with X-ray absorption fine structure spectroscopy to visualize
chemical-state evolution in LiCoO, cathodes and Fe,(MoO,),
anodes in TFSSBs.'”* It revealed pronounced cycling-induced
degradation and distinct redox-percolation behaviors such as
the LiCoO, exhibited interfacial exfoliation with Co oxidation.
While Fe,(MoO,), partially decomposed into y-Fe,O, with
extensive cracking, which underscores the importance of
interface and phase-stability engineering. While, Hikima et al.
introduced HAXPES as a transformative probe of buried
electronic structures in TFSSBs.'”® In Al/Li,  MnO,/

https://doi.org/10.1021/acsaelm.6c00171
ACS Appl. Electron. Mater. 2026, 8, 4855—4875


http://pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.6c00171

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Spotlight on Applications

LASGTP/Li;PO,/Li cells, HAXPES revealed substantial
Fermi-level shifts, an n-type to p-type transition during delithia-
tion, and strong interfacial band bending at high states
of charge. These electronic reconstructions lead to charge accu-
mulation and capacitor-like behavior, kinetically suppressing
further lithium extraction despite increasing applied bias. The
findings demonstrate that TFSSB performance is governed
not only by ionic transport but also by interfacial electronic
structure and space-charge effects, a dimension inaccessible to
purely structural probes.'”> Thus, HAXPES can provide direct
access to buried electronic structures and band alignment at
interfaces. Unlike conventional XPS, HAXPES probes deeper
into multilayer stacks.

Neutron Depth Profiling. At cathode—electrolyte inter-
faces, Shimizu et al. provided a mechanistic explanation for
the remarkable stability of high-voltage LNMO/LiPON inter-
faces using neutron depth profiling (NDP), first-principles cal-
culations, and cryogenic electron microscopy.'> NDP revealed
localized lithium enrichment (~3%) at the interface, which is
arising from chemical overlithiation of LNMO during
LiPON deposition. While DFT showed that excess lithium is
accommodated via Mn** — Mn*" reduction and
Jahn—Teller distortion, forming a chemically benign, ion-
conductive interphase that suppresses degradation over >600
cycles. Thus, NDP enables quantitative, depth-resolved mea-
surement of lithium concentration across buried interfaces,
providing direct insight into lithium redistribution and interfa-
cial accumulation. It is particularly powerful for correlating
lithium transport and interphase formation with electrochem-
ical stability in TFSSBs.

STEM—EELS. The STEM—EELS enables quantitative map-
ping of Li distribution and electronic structure with subnan-
ometer resolution.®™2° Such as the work by Nomura et al.
represents a milestone in quantitative operando STEM—EELS
for SSBs.'® This study employs a model TESSB architecture
consisting of a LiCoO, thin-film cathode integrated with SEs,
where the cathode layer is fabricated via PLD to achieve dense,
epitaxial-quality films with well-defined interfaces. By combin-
ing hyperspectral EELS imaging with non-negative matrix
factorization (NMF), they achieved spatially resolved Li con-
centration mapping during electrochemical cycling. The study
reveals that lithiation/delithiation in LiCoO, cathodes proceeds
in a markedly nonuniform manner, which differs from the con-
ventional assumption of homogeneous Li extraction and inser-
tion. Spatially resolved measurements identify the formation
of an ~10 to 20 nm thick interfacial region at the CEI that
remains electrochemically inactive, which is found to be a het-
erogeneous mixture of LiCoO, and Co,0, phases. This acts
as a kinetic bottleneck to ion transport, as it lacks viable Li
diffusion pathways. It provides direct experimental evidence
that interfacial resistance originates from structurally disordered
regions. While the local chemical heterogeneity governs Li
transport across interfaces rather than bulk ionic conductivity
alone. Moreover, a direct correlation between ionic distribution
and electronic structure evolution can be easily probed by
EELS, as it has the capability of detecting the Li K-edge and
transition metal L, ; edges. In particular, localized Li depletion
and electronic inactivity are found to be due to suppressed
redox activity, which results from the oxidation of Co®* to
Co**. Thus, the unique strength of STEM—EELS by integrated
mapping of ionic and electronic states helps resolve coupled
transport phenomena at buried solid—solid interfaces.
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Cryo-TEM. By suppressing radiolysis and thermally acti-
vated diffusion, the cryo-TEM preserves metastable and beam-
sensitive interphases.'’”'7? When it combines with EELS, it
can enable unprecedented insight into metastable interphases
and Li transport pathways at solid—solid interfaces by preserv-
ing their native chemical and structural states.'*'> Cheng
et al.'® analyzed the Li/LiPON interfaces via cryo-TEM and
revealed the formation of an approximately 76 nm thick inter-
phase exhibiting pronounced compositional gradients. It is
found to be a mosaic-like nanostructure which comprises
Li,O, Li;N, and Li,PO, domains embedded within an amor-
phous matrix. The interphase is intrinsically heterogeneous
rather than a uniform layer as often assumed in continuum
descriptions.'®> While comparing it with the theoretical analysis,
Cheng et al'® showed that interstitial diffusion barriers
for decomposition species vary significantly (e.g., ~0.42 eV for
P, ~0.5 eV for O, and ~1.08 eV for N), which implies that
mobile species such as P and N can drive chemical redistribu-
tion and sustain dynamic interphase evolution. This supports
a diffusion-mediated growth mechanism of the interphase rather
than a purely reaction-limited process. Furthermore, cryo-EELS
facilitates the detection of light elements such as Li, N, and O
with minimized beam-induced damage, which enables spatial
mapping of chemical gradients across buried interfaces and pro-
vides a coupled chemo-mechanical perspective of interphase
formation. Extending this approach to cathode—electrolyte sys-
tems, cryo-TEM studies of LNMO/LiPON interfaces were car-
ried out by Shimizu et al., where the LNMO cathode is grown
using PLD to ensure phase purity and controlled crystallinity.'?
The optimized deposition results in the formation of stable and
coherent interfaces. The cryo-TEM analysis reveals structurally
coherent and stable interfaces regions with minimal morpholog-
ical evolution upon cycling, where only localized nanocrystalline
decomposition products such as Li,PO, and Li,PO,N are
observed. In contrast to layered oxides like LiCoO,, the spinel
framework of LNMO accommodates Li insertion/extraction
with reduced structural perturbation, thereby results in
enhanced interfacial stability. Additionally, Li accumulation at
LiCoO,/LiPON interfaces was linked to disorder-induced
phase formation, which confirms that the interface stability is
strongly dependent on cathode crystal structure. Thus, cryo-
TEM preserves highly reactive solid—solid interfaces in their
native state by suppressing beam-induced damage and thermally
activated diffusion, which enables direct visualization of meta-
stable interphases and nanoscale structural heterogeneity. In
contrast, STEM—EELS provides spatially resolved, quantitative
mapping of Li distribution and transition-metal electronic
states, allowing direct correlation between ionic transport and
local redox activity at buried interfaces.

Bl OUTLOOK AND FUTURE RESEARCH DIRECTIONS

Although substantial progress has been achieved in the synthe-
sis and integration of TFSEs, a critical bottleneck persists
in the quantitative understanding of lithium diffusion within
ultrathin SE with deposition parameters as well as in TESSBs.
The advancement of materials processing strategies and
operando characterization methodologies to address the com-
plexed interface-dominated nature of ion transport in TFSEs
and TESSBs is quite important. Techniques such as PLD offer
exceptional control over film stoichiometry, density, and
microstructure. However, the direct influence of deposition
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parameters (laser fluence, substrate temperature, background
pressure, and target—substrate distance) on ionic transport
properties and diffusion kinetics remains insufficiently quanti-
fied. Future efforts must therefore focus on establishing explicit
correlations between growth conditions and transport parame-
ters through combined experimental and computational stud-
ies, including density functional theory and kinetic modeling
to elucidate defect formation and migration mechanisms under
nonequilibrium growth conditions.

In contrast to bulk systems as well as thin-film electrodes
(cathodes), where isotope-exchange techniques along with tracer
diffusion measurements are relatively well used,'>!¢%180-185
TFSEs remain underexplored, especially with respect to
isotope-resolved TOF-SIMS analysis. The limited investigation
in this direction hinders further growth of TFSEs as it is highly
important to realize the modified diffusion pathways, migration
barriers, and even transport mechanisms compared to their bulk
counterparts. These properties are quite different from their
bulk because reduced dimensionality results in different defect
chemistry, and strong interfacial electric fields, which are further
affected by the substrate-induced strains. Thus, such studies
help explicitly distinguish between bulk, grain-boundary, and
interface-mediated transport contributions. While the develop-
ment of correlative and multimodal characterization frame-
works is essential, too, wherein TOF-SIMS measurements are
directly coupled with high-resolution structural and spectro-
scopic probes, including STEM—EELS, XRD, Raman, and elec-
trochemical impedance spectroscopy. Hence in all, this
integrated approach will enable the establishment of rigorous
structure—transport relationships by directly correlating local
chemical environments, defect distributions, and interphase
compositions with measured diffusion profiles. Without these
quantitative and spatially resolved insights, current approaches
to TFSEs design and optimization remain largely empirical
and lack predictive capability.

Furthermore, in case of TFSSBs, operando studies remain
limited, where maintaining stable analysis conditions under
applied bias and nanoscale geometries presents significant
experimental challenge. As a result, direct observation of
dynamic lithium redistribution and interfacial evolution during
cycling is still not well-documented in literature. Given that
interfaces in TFSSBs often dominate overall ionic resistance
due to the high surface-to-volume ratio, there is a need to probe
lithium diffusion across buried interfaces, such as electrolyte/
electrode and electrolyte/current collector junctions. At these
locations, the transport behavior is highly influenced by inter-
phase formation, space-charge layers (SCLs), and strain gradi-
ents. Thus, there is need to use of advanced experimental
approaches that can quantitatively visualize the ion dynamics
in TFSEs as well as in TFSSBs during operando or even
quasi-operando conditions. While there are few reports on visu-
alization of ion dynamics in cathodes, there is only limited liter-
ature available on TESEs. Moreover, this area remains not well-
documented in literature for TESSBs, too, which is essential to
know the transport pathways and their dynamically evolution
with cycling-induced structural and chemical transformations
at interfaces. The direct observation of dynamic lithium redistri-
bution and interfacial evolution during cycling is essential to
further optimized the TFSSBs. One of the ways to investigate
the dynamically evolution is the use of operando TOF-SIMS.
While the operando SIMS studies remain limited, too, where
maintaining stable analysis conditions under applied bias and
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nanoscale geometries presents significant experimental chal-
lenge. For achieving a predictive understanding of ion transport
in TFSEs and accelerating the rational design and deployment
of next-generation TFSSBs, there is high need to address these
interconnected challenges through coordinated experimental
and theoretical efforts.

Bl CONCLUSIONS

In advancing next-generation solid-state microbatteries,
TESEs play a central role, where ionic transport, interphase
evolution, and mechanical stability are governed not only by
intrinsic bulk properties, but predominantly by nanoscale con-
finement effects and deposition-induced microstructural fea-
tures. These characteristics ultimately determine the overall
ion transport behavior in SEs. Among the available deposition
techniques, PLD provides a particularly powerful route for
TESE fabrication, as it enables precise control over stoichiom-
etry, defect chemistry, and film density, thereby stabilizing
metastable and nonequilibrium phases that are inaccessible
through conventional synthesis methods. In addition, PLD
helps tailor ion transport pathways and minimize interfacial
resistance, as it can engineer atomically sharp and chemically
well-defined interfaces. These attributes collectively position
PLD not merely as a fabrication tool, but as a deterministic
approach for tuning structure—property relationships in
TESEs, thus directly influencing ionic conductivity and
device-level performance. Concurrently, a critical gap persists
within the deposited TFSE. While the TOF-SIMS technique
coupled with isotope-exchange has been widely used for cath-
odes, there is limited literature on quantitative evaluation of
lithium diffusion in TESEs, which is necessary to optimize
the TESSBs. Addressing this limitation is essential for estab-
lishing reliable correlations between PLD growth parameters,
microstructural features, and ion transport properties. It is
important to highlight here that the operando studies on
TEFSSBs, which result in direct observation of dynamic lithium
redistribution and interfacial evolution during cycling, remain
limited, too. There are significant experimental challenges to
maintain stable analysis conditions under applied bias and
nanoscale geometries. Thus, the future progress will therefore
depend on systematic, and quantitatively rigorous studies that
leverage PLD’s tunability to decouple bulk and interfacial con-
tributions to diffusion. It will enable a more predictive design
paradigm along with the development of multimodal charac-
terizations which can probe the in situ ion behavior in
TESSBs. In this context, PLD-grown thin films will continue
to serve as both functional components and model systems,
which reinforce their central role in advancing the fundamen-
tal understanding and technological development of SSB
systems.
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