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University of Technology, Tianjin, China, *Institute of Batteries LLC, Nur-Sultan, Kazakhstan

With the development of smart electronics, a wide range of techniques have been
considered for efficient co-integration of micro devices and micro energy sources.
Physical vapor deposition (PVD) by means of thermal evaporation, magnetron
sputtering, ion-beam deposition, pulsed laser deposition, etc., is among the most
promising techniques for such purposes. Layer-by-layer deposition of all solid-state
thin-film batteries via PVD has led to many publications in the last two decades. In
these batteries, active materials are homogeneous and usually binder free, which makes
them more promising in terms of energy density than those prepared by the traditional
powder slurry technique. This review provides a summary of the preparation of cathode
materials by PVD for all solid-state thin-film batteries. Cathodes based on intercalation and
conversion reaction, as well as properties of thin-flm electrode—electrolyte interface, are
discussed.

Keywords: thin-film batteries, cathode, Li ion batteries, physical vapor deposition, thermal evaporation

INTRODUCTION

As the world’s population grows and environmental issues become more serious, it is important to
find a safer, more reliable, and robust energy supply to replace conventional fossil fuels. Usage of
renewable energies, such as solar energy, wind energy, ocean energy, or geothermal energy, is often
limited by location and meteorological conditions, which is the reason why energy-storage solutions
are needed to support the energy economy. The growing demands of electric vehicles and portable
electronics have now significantly stimulated the development of energy storage devices such as
lithium ion batteries (LIBs). For more than two decades, there has been tremendous research in the
LIB field because of their high energy and power density. Several research groups have reported LIBs
with energy densities greater than 500 Wh kg™ (Liu et al., 2019; Park et al., 2019; Han et al., 2020;
Qiao et al., 2020). Such batteries are based on liquid electrolytes (thickness ~25 um due to the
separator) and usually have electrode thicknesses in the order of ~50-60 pm (Singh et al., 2015).
However, capacity retention issues and problems due to lithium dendrite growth and dead lithium
which can cause severe safety problems have not been solved entirely to enable large-scale
application. Solid-state lithium ion batteries are considered to be a solution for energy density of
typical LIBs because they do not require a rigorous battery management system and the risk of
thermal runaway is eliminated. Conventional solid-state batteries have electrolyte thicknesses in the
order of ~20-100 um (Wu et al., 2021). But, until now, the cyclability of solid-state cells has been
limited mainly due to the electrode/electrolyte interfacial resistance and the volatility of solid
electrolytes against lithium. For applications such as wearable and implantable devices, wireless
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sensor networks, and Internet of Things, the drive toward
minijaturized electronics calls for the production of micro
energy storage systems that can allow continuous, autonomous
operation of electronic devices. Owing to this, all solid-state thin-
film batteries (ASTBs) featuring long lifetimes, high rate
capabilities, and superior energy and power density are
gaining attention because they are ideal candidates for
integration into miniaturized energy systems. Full-stack ASTBs
have thicknesses of only ~10-15 pm including current collectors,
electrolyte, and electrodes, yet the substrate thickness at least
doubles the overall battery thickness (Dudney 2008). Thin-film
electrodes manufactured by physical vapor deposition (PVD),
chemical vapor deposition (CVD), and atomic layer deposition
(ALD) are recognized as pure materials since they do not have
binders or conductive materials as in conventional powder slurry
technology (Dasgupta et al.,, 2015; Kozen et al., 2015; Xie et al,,
2017; Gandla and Tan 2019; Lidor-Shalev et al., 2019). However,
large breakdowns in electrochemical efficiency are still noticeable
for electrode components, electrolytes, and electrode—electrolyte
interfaces.

Planar ASTBs suffer from the fact that the energy stored
increases linearly with the thickness of the electrodes, and if
the electrodes are too thick, Li ions (Li*) will not diffuse to the
whole depth of the electrodes. This can lead to lower capacity
than expected for thick electrodes (Ohtsuka and Sakurai 2001). In
addition, power density is compromised when higher thickness is
coupled with slow Li* kinetics in the electrolyte. These drawbacks
made researchers look into 3D electrodes and battery
architectures for enhancing ASTB performance (i.e., increasing
the capacity without sacrificing fast charging) (Oudenhoven et al.,
2011; Biinting et al.,, 2015; Liu et al,, 2018; Xue et al, 2019).
Nevertheless, several groups have shown very promising works
involving planar ASTBs, and there are several companies that
produce commercialized 2D thin-film batteries such as Ilika,
Cymbet, and STMicroelectronics (Dudney 2008; Chen et al,
2009; Larfaillou et al., 2016; Kyeremateng and Hahn 2018).

Electrodes for ASTBs could be manufactured using several
techniques such as PVD, CVD, and ALD. In a typical CVD
chamber, the substrate is exposed to one or more volatile
precursors that react to make the desired deposit on the top of
the substrate and by-products are extracted via the gas flow
through the reactor. CVD techniques have been used for growing
nanostructured current collectors, active electrode materials,
coatings, and for separator modifications (Wang and Yushin
2015). ALD, which is also a chemical method, involves exposing
the surface of a substrate to alternating precursors, which are
sequentially added and do not mix. It can be used to make
atomically thin and uniform layers to enhance the performance of
electrodes and make a 3D battery since it can cover nanocontours
very uniformly (Liu et al,, 2018). Although CVD and ALD are
powerful techniques for deposition of high-quality cathode
materials for batteries, they are still at an immature phase and
currently the research-level systems are too costly. In addition, to
fabricate a full planar battery, one may still resort to using PVD
techniques. While each of the mentioned methods has their
advantages and disadvantages, this work will mainly focus on
physical vapor deposition of cathode electrodes for ASTBs.

PVD of Cathode Materials
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FIGURE 1 | Cell configuration of ASTBs combined with PVD methods. ©
lika Technologies.

Physical vapor deposition is a technique where materials are
transferred from a condensed phase to a vapor phase and back to
a condensed phase as a thin film on a substrate. It is a vacuum
deposition method where several techniques could be used
(Figure 1).

Thermal Evaporation

Thermal evaporation takes place in a vacuum by passing a large
current through a resistive wire or boat which heats the source
that it contains. As a result of low pressure and high temperature,
the source material sublimes, gets deposited onto the substrate,
and condenses as a thin film. Before this process, high vacuum
should be achieved in the deposition chamber since it will
increase the mean free path of the source material and allow
vapor particles to travel directly to the substrate (Figure 2A). In
the battery field, this method is mostly used to deposit lithium
metal, which is usually deposited at thicknesses of 1 pum or more
(Supplementary Table S1). As the lithium readily alloys with
most of the materials, molybdenum or tantalum crucibles/boats
are used in this method. Thermal evaporation has poor surface
coverage and can cause some problems in controlling the
thickness of the final thin-film material.

Sputter Deposition
This method requires the ejection of a “target” material from a
source on a substrate. It happens in a plasma environment where
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FIGURE 2 | Various physical vapor deposition techniques. (A) Thermal evaporation, S. Babar, CC BY-SA 3.0, via Wikimedia Commons, (B) sputter deposition
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ions are created from gasses such as argon, nitrogen, or oxygen.
These ions bombard the target material and the target particles
can fly out, travel toward the substrate, and deposit on it
(Figure 2B). Several sputter deposition techniques exist, such
as magnetron sputtering, reactive magnetron sputtering, ion
beam sputtering, ion beam-assisted deposition, and high-
power impulse magnetron sputtering.

Magnetron sputtering has been extensively used to deposit
several cathode and anode materials for ASTBs. The most
popular intercalation-based LiCoO, cathode is well studied
under sputter deposition. However, most require post-
annealing at 700°C to achieve high crystallinity since
otherwise, the sputtered electrode will be amorphous and will
not show good performance (Bates et al., 2000). Reactive
magnetron sputtering is mostly used for deposition of
electrolytes. In particular, lithium phosphorus oxynitride (with
chemical structure Li,POyN,) (Lipon) electrolyte, which was
developed at Oak Ridge National Laboratory (ORNL), remains
one of the best electrolytes for lithium ion batteries since it is
more stable in air than lithium oxide or sulfide-based batteries
and shows very stable performance up to 5V vs Li/Li* (Put et al.,
2018). Radio frequency magnetron sputtering of a Li;PO, target
in a nitrogen environment is used to incorporate nitrogen in the
final Lipon structure. Precise nitrogen incorporation in Lipon

plays a key role in electrochemical stability and ionic conductivity
in Lipon electrolytes. The experimental results along with the
structural models showed that N forms both bridges between two
phosphate units and nonbridging apical N in Lipon, and this
appears to directly correlate with and explain both the increase in
ionic conductivity and electrochemical stability (Lacivita et al.,
2018).

Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a method consisting of a high-
power pulsed laser that is focused on the target material that is to
be deposited. The target material gets vaporized into a plasma
plume and deposits onto a substrate (Figure 2C). The process of
etching is very complex because as the laser power gets absorbed
by the target, many particles are ejected, such as electrons, atoms,
ions, and clusters. Deposition efficiency depends on the type of
target material, pulse energy of the laser, repetition rate, target
substrate distance, substrate temperature, etc. PLD may be used
to ablate many materials and combinations by selecting the
appropriate laser wavelength to match the absorption
properties of the target. There are many works that used PLD
to fabricate one component of a battery (electrode, electrode
coatings, or electrolyte) for application in ASTBs (Yamada et al.,
2003; Park et al., 2006; Yamada et al., 2007; Saccoccio et al., 2017;
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TABLE 1 | Summary of the advantages and disadvantages of PVD methods.

Methods Sources

Thermal evaporation Metal or low melting point materials

Sputtering Ceramics or metals

Pulsed laser deposition Ceramics, metals, or single crystals

E-beam evaporation Ceramics or metals

Teng et al, 2018; Yu et al, 2018; Fenech and Sharma 2020).
However, only few have actually fabricated ASTBs with thin-film
solid electrolytes using PLD techniques (Huang et al., 2003;
Huang et al., 2004; Kuwata et al., 2004; Baskaran et al., 2009;
Matsuda et al., 2018).

Electron Beam Deposition
This method comprises a charged tungsten filament from which
electron beams are accelerated and bombard the target material
(Figure 2D). The electron beam converts atoms from the target
into the gas phase and the atoms then flow toward the substrate,
precipitate into the substrate, and create a thin-film layer. With
e-beam deposition, one can get a deposition rate of 0.1-100 pm
min~', which is higher than that using conventional PVD
processes. However, just as in the PLD method, very few
works have shown ASTBs which utilized the e-beam
evaporation technique (Huang et al, 2004; Li et al, 2006a;
Schwenzel et al, 2006). Table 1 lists the advantages and
disadvantages of the PVD methods for the fabrication of ASTBs.
In this review, we will first focus on cathode materials based on
lithium transition metal oxides, then metal oxides, then lithium
phosphates, and finally touch upon sulfide and tungstate
materials. Afterward, we will discuss the interfacial properties
between cathodes and electrolytes of ASTBs. The readers are
advised to refer to Supplementary Table S1 throughout the
discussion.

DISCUSSION

Lithium Transition Metal Oxide Cathodes
LiCoO, With Lipon Solid-State Electrolyte

Since the discovery of the Lipon electrolyte (by the group at
ORNL) which had increased conductivity and increased stability
toward lithium (Li) (Bates et al., 1992), research in thin-film
batteries has been booming. LiCoOQ, is the most studied cathode
material used with Lipon solid electrolyte. Bates et al. have laid
out several thin-film batteries and the crystalline LiCoO,/Lipon/
Li battery is the most mature with the highest capacity, energy,
and power densities (Bates J. et al., 2000). The cell showed a
capacity of 64 uAh cm™ um™', which is close to the theoretical
capacity of 69 uAh cm™ pum™' or 137 mAh g™' at Lip5CoO,
extraction of Li. The cell showed a capacity of 62 gAh cm™ um™"
at 4000 cycles, and shelf lives are estimated for many years by
looking at open circuit voltage. Post-annealing at 700°C is

eLow cost

eHigh-purity films

eHigh growth rate

eLarge area

eStoichiometric transfer

e\Wide applicability

eSuitable for high melting point metals
eLittle contamination

PVD of Cathode Materials

Advantage Disadvantage

eCannot evaporate refractory materials
ePoor uniformity

eDamage by ionized particle
eElemental selective supply rate

eLow growth rate

eSpontaneous defect formation
eEnergetic electrons may damage films
eLimited step coverage

required for these samples to obtain the highest capacity. It
has also been shown by the ORNL group that LiCoO, has
preferential orientation upon thickness. Less thick LiCoO,
(<1 pm) showed (003)-oriented grains parallel to the substrate,
while thicker films (>1 pm) had their (101) and (104) planes
parallel to the substrate as confirmed by X-ray diffraction (XRD)
and electron microscope measurements (SEM and TEM) (Bates
et al, 2000). Jang et al. fabricated LiCoO, using sputtering
techniques and post-annealed at 800°C in O, instead of the
usual 700°C for the material. The battery (LiCoO,/Lipon/Li
ASTB) was cycled up to 4.4V, and a capacity of 170 mAh g~
(~85.6 uAh cm™ um™") at a current density of 100 uA cm > was
observed, which is 22% higher than that reported by previous
reports (Jang et al, 2003). LiCoO, had nanocrystalline grain
structures as observed by TEM, and the excellent cyclability of the
thin-film batteries is attributed to the small grain size of the
cathode film and the stability of the Lipon electrolyte.

Since Li metal is not compatible for solder reflow processing of
microelectronic devices, the ORNL group fabricated “Li-free”
thin-film batteries, where upon first charge, Li was plated on a Cu
anode (Bates J. et al., 2000). The key to having good cycle stability
is protecting Cu and covering with an overlayer consisting of
electron and Li* blocking parylene, over which Ti was deposited
to reduce air permeability. Without the overlayer, capacity
dropped by 45% and blossom-like features appeared between
Lipon and Cu. It is believed that the Li" penetrates through the Cu
anode, reacts with even the small amount of air present between
the overlayer and Cu, and forms a passivation layer of LiO, or
LiOH. Cycle performance of Lipon overlayer battery and parylene
+ Ti overlayer battery was compared over 1000 cycles at 1 mA
cm™?, and parylene + Ti showed batter capacity retention. SEM
cross-sectional pictures of Lipon and parylene + Ti overlayer
clearly showed the latter’s favorable property. The Li-free thin-
film battery survived solder reflow conditions, which were
simulated as rapid heating to 250°C for 10 min and rapid
quenching with air. Other groups that showed “Li-free”
technology with Lipon electrolyte have used different types of
anodes. D. Li et al. made a LiCoO,/Lipon/SnN thin-film battery
and checked the temperature performance from 20 to 200°C
because Li cannot withstand those temperatures (Li et al., 2014).
The results showed that the thin-film battery maintains a good
high-temperature discharge performance before 100°C after
which its capacity was lower than that for the ambient. No
specific capacity was given, so the capacity of an ~188-pAh
cell was stable at 100°C for 15 cycles. Also, Gong et al.
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of an ASTB. Reprinted with permission from Talin et al. (2016). © 2016 ACS.

FIGURE 3 | (A) Cross-sectional SEM image of Al electrode after 10 charging cycles, tilt = 45°. The Pt layer is added uniquely to protect the surface of the battery
during the ion milling process and is not an active layer of the device. Reprinted with permission from Gong et al. (2015). ©2015 ACS (B) Focused ion beam cross section

fabricated a LiCoO,/Lipon battery with 400 nm Al, 400 nm Al/
400 nm Cu, and 50 nm Si/400 nm Cu-negative electrodes (Gong
et al,, 2015). With Al anode, ASTBs showed a very rapid capacity
decay, which was accompanied by volume expansion of the
negative electrode. ~1 um diameter mounds of AlLi alloy were
formed on the surface of ASTBs (Figure 3A). X-ray
photoelectron spectroscopy (XPS) measurements showed Al-
Li-O compounds formed on the top of the Al electrode, which
increased electrical resistance and hence degraded the battery’s
overall performance. Capping the Al electrode with Cu did not
resolve the rapid capacity loss, if not worsened it. Nonetheless,
ASTBs with Si-negative electrodes capped with Cu exhibit
remarkably stable performance, retaining >92% of their
discharge capacity after 100 cycles. Since Li* diffuses almost
10 orders of magnitude faster in Si than it does in Al, the
surface mounds and the associated trapped Li are not
observed and an insulating compound of Si-O-Li does not
seem to form on the Si electrode surface. It has also been
shown that a LiCoO,/Lipon/Si ASTB showed significantly
higher power performance than a 3D counterpart (Figure 3B)
(Talin et al., 2016). This is attributed to low electrolyte ionic
conductivity and poor homogeneity which lead to a highly
nonuniform internal current density distribution and poor
cathode utilization.

To decrease the post-annealing step at 700°C, bias sputtering
of the cathodes, where the substrates were biased under a negative
voltage, has also been studied by several groups. Park et al
fabricated ASTBs with bias-sputtered LiCoO, (Park et al,
2005). Sputtered and annealed samples are found to be well
crystallized but have micro-cracks and voids due to the difference
in thermal expansion of LiCoO, and Ti/Pt-coated Si wafer.
Charge discharge tests also showed a linear decrease in specific
capacity, starting at 59 gAh cm™ um™" and ending at 32 uAh
cm™ um™" at 100 cycles. ASTBs with cathode bias sputtered at
—-50 V showed more stable performance, and the discharge
capacity was ~63pAh cm™ um™' and after 100 cycles
remained around 52 pAh cm™ pum™'. From the XRD patterns,
the structure of the cathode is amorphous, yet there are some
randomly oriented crystalline grains in the bulk of the thin film as
observed by TEM. It is supposed that the substrate bias changes
the crystal structure and orientation through the ion

bombardment that occurs when inducing bias. Navone et al.
made ASTBs with LiCoO, cathode which was sputtered at a bias
of =50 V and post-annealed at 500°C (Navone et al., 2011). Thin
cathode film of 0.45um was tested at high C rates. Kinetic
properties revealed a capacity of 42 uAh cm™ pm™" at 30°C
(~750 A cm™?) without damaging the film electrode, and yet a
capacity of 50 pAh cm™ pm™' can be recovered at the 0.4°C
(~10 gA cm™?) rate. The capacity of the ASTB dropped from
55 uAh cm™ um ™ to 50 uAh cm™> um™' when cycled at 10 yA
cm 2 for 140 cycles. Later, the same group looked at the capability
rate of the above bias-sputtered cathodes (Tintignac et al., 2014).
They found that battery performance is worse when charged at
high currents and discharged at low currents, than when charged
at low currents and discharged at high currents. At higher charge
cut-off voltages (4.5V), ASTBs also behave poorly. This
phenomenon is ascribed to the occurrence of irreversible
structural and volume changes when the depth of charge is
too high. Discharging at 10 uA cm™ current density for 900
cycles showed the following trend: After an initial capacity fade by
8% over the first 100 cycles, the capacity slowly declined over 800
additional cycles to reach 40 uAh cm™ um™" at the end. The
capacity loss per cycle is limited to 0.005% from cycle 100 to
cycle 900.

Alternatively to post-annealing at high temperatures, rapid
thermal annealing (RTA) was utilized to fabricate ASTBs on a
flexible substrate (Song et al., 2010). LiCoO, was sputtered and
was put through RTA at 520°C for 15 min so as to not damage the
mica substrate. Cells without encapsulation and those with
multilayered encapsulation for which the exterior of the ASTB
was alternately coated, layer by layer, 3-4 times with polymeric
and oxide films using CVD and sputtering were studied at high C
rates. Without encapsulation, reduced normal orientation of
columnar grains and aggregation of the grains are observed. In
contrast, for cells with encapsulation, not only the original
morphology of the LiCoO, columnar grains but also the
smooth interfaces between the layers were sustained.
Encapsulated ASTBs at 10°C show excellent capacity retention
of 95% over 800 cycles, delivering >22 pAh cm ™ um™'. Another
group that achieved flexible batteries on PDMS substrate was Koo
et al. (2012). LiCoO,/Lipon/Li ASTBs had a capacity of ~30 pAh

cm™? um™', which is lower than that for batteries on solid

Frontiers in Energy Research | www.frontiersin.org

May 2021 | Volume 9 | Article 625123


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Uzakbaiuly et al.

PVD of Cathode Materials

PDMS

Encapsulation

FIGURE 4 | Photograph of a bendable LIB turning on a blue LED in bent condition. The inset shows the stacked layers in the flexible LIB and the picture of an all-in-
one flexible LED system integrated with a bendable LIB. Reprinted with permission from Koo et al. (2012). © 2012 ACS.

substrate. However, with an energy density of 2.2 x 10’ uWh
cm™?, at 46.5 uA cm? (0.5°C) under polymer sheet wrapping, the
battery could power a flexible LED system (Figure 4).
Interestingly, specific capacity is different on a mica substrate
and on a PDMS substrate. The authors claim that stresses induced
on sputtered films on a mica substrate are gradually released upon
delamination of the mica layers, and when transferred to a PDMS
substrate, the battery performs better. Thus, the capacities of LIBs
transferred onto polymer substrates can be increased due to the
prompt release of stresses by the molar volume change. The
flexible battery has a specific capacity of 106 uAh cm™> for the
nonbending case, and for the bending case, at an effective radius
of 3.1 mm, the specific capacity decreased to 99 uAh cm™.

In addition to sputtering, PLD has also been used to fabricate
ASTBs with LiCoO, cathode. Matsuda et al. fabricated thin-film
LiCoO, at high rate deposition of ~2-3 um h™" (Matsuda et al.,
2018). Using high-power ArF laser, ASTBs with 0.3- to 30-
pm-thick LiCoO, cathodes were constructed with amorphous
LizPO, electrolyte. Highly crystalline cathodes were obtained as
confirmed by XRD measurements. A buffer layer of LiCoO, was
deposited on the substrate with low-frequency PLD, since
otherwise thick (>1 pm) LiCoO, would exfoliate from the
substrate after electrolyte deposition. With thick cathodes, the
increase in C rate increases the interfacial resistance and Li"
diffusion is limited to the surface. The maximum discharge
capacities that were observed at a low current density of 10 pA
cm™? are 18 pAh cm™ (for 0.32-um-thick cathode), 100 uAh
cm™? (for 2.2-um-thick cathode), and 240 pAh cm ™2 (for 6.7-
pum-thick cathode). These are 84%, 64%, and 54% of the
theoretical capacity of LiCoO,, which is 69 uAh cm™ pum™.
Theoretical calculations revealed that when the diffusion
coefficient of Li* is low (1072 cm?/s), the capacity dependence
flattens out and no longer increases with the increase in thickness.
But for higher diffusion coefficients of Li" in cathode (10™"! cm?/
s), the capacity of ASTBs does increase with higher thickness.
This was confirmed using potentiostatic intermittent titration
technique (PITT) and electrochemical impedance spectroscopy
(EIS) measurements. As the discharge progresses, the Li
concentration near the surface of the Li,CoO, increases and
the chemical diffusion coefficient decreases. In this case, only
the surface of the Li,CoO, can be utilized and utilization of the
thick LiCoO, film decreases. This was also confirmed by

observing a crack formation near the interface of the cathode/
electrolyte.

LiCoO, With Other Solid-State Electrolytes
Earlier, sequential PLD was used to fabricate ASTBs with
amorphous  Liy, V(548146034 (LVSO) solid electrolyte,
crystalline LiCoO, cathode, and amorphous SnO anode
(Kuwata et al.,, 2006). The solid electrolyte Li, V5451946034
was prepared by the solid-state reaction method from Li,COs,
SiO,, and V,05 powders. Comparing the Arrhenius plots of bulk
and thin-film solid electrolytes, one clearly observes better
performance for the former. The battery was cycled between
2.7 and 3.3 V and with very small current. The battery delivered a
poor specific capacity of 22.5 uAh cm™ um™" (9 pAh cm ™2 with a
cathode thickness of 400 nm) and was cycled till 100 cycles.
Related to this, other types of electrolytes were assembled with
LiCoO, cathode (Lee et al, 2003). Lee et al. fabricated an
electrolyte and tested its performance in a thin-film
configuration. A battery with a LiCoO,-positive electrode, a
Li; 9Sig28P10011N1o electrolyte, and a Siy;V;-negative
electrode was deposited sequentially solely by PLD. The
electrolyte was obtained through sputtering of 0:8Li;PO4*0:
2Li,S8i0; in a N, environment and exhibited an amorphous
structure with an ionic conductivity of 8.8 x 10°S ¢cm™>. The
ASTB was tested and revealed very stable cycling up until 1500
cycles with a 2-3.9 V voltage range. Capacity fading of the battery
when it was cycled between 2 and 3.9 V voltage range was much
less than that with 2-4.2 V. It is speculated that LiCoOQ, is stable
until 4.2 V with Li but not with Si. With Si, the cathode might be
ata potential of 4.4-4.6 V if the battery itselfis at 4.2 V. Yoon et al.
fabricated LiBPON electrolyte by co-sputtering of Li;PO, and
Li;BO, targets, and found a maximum ionic conductivity of 6.88
x 10778 cm™, at 50 W/20 W target powers, respectively (Yoon
etal., 2013). Using a variety of characterization techniques such as
inductive coupled plasma-auger electron spectroscopy (ICP-
AES), XPS, Fourier transform infrared (FTIR) spectroscopy,
and Raman spectroscopy, the formation mechanism in a new
electrolyte was suggested. The formation of B-N=P in the glass
network implicates the reduction of mobile lithium sites. On the
contrary, the three-coordinated nitrogen (B-N < P) preserves or
increases the number of mobile lithium sites by nonbridging P=0O
bonding. In addition, looking at the impedance plots, no severe
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chemical reactions were found for samples exposed to air for
40 days. Yet, ASTBs showed a moderate specific capacity of
33uAh cm™? pm™' at 15 cycles. In addition, Song et al.
fabricated a flexible LiCoO,/LiBON/Li thin-film battery on
mica substrate by multilayer polymer/oxide encapsulation
(Song, Lee, and Park 2016). This cell which had an area of
~3 cm?® and a total thickness of ~10 um (49.2 pAh cm™ pm™)
could fit into a credit card. Charge discharge characteristics
showed 90% capacity retention for 1000 cycles. ICP-AES was
performed to show a Li; 09BO,53Ng 5, composition. FTIR and
XPS measurements proposed that Li* ions transport through the
ionic bonds of -B-(O/N)-. . .Li". Twist and bending experiments
revealed 99%, low-temperature (—10°C) characterization revealed
77%, and high-temperature (60°C) characterization revealed
127% initial capacity. Moreover, a Li-rich Lipon electrolyte
was assembled with a LCO cathode and showed better
performance than a regular Lipon electrolyte (Xiao et al,
2018). Upon electrolyte deposition on a LiCoO, electrode, the
cathode surface gets damaged by N, plasma and defects on the
top of LiCoO, are induced, which in turn creates a space charge
layer that later hinders Li ion diffusion. And to offset this, a Li-
rich electrolyte was made that had a better rate capability over 26
cycles than normal Lipon.

LiNiO,

HK Kim et al. fabricated a LiNiO,/Lipon/Li battery using
sputtering techniques and thermal evaporation (Kim et al,
2002). After sputtering, the cathode material was put through
RTA for 10 min at 700°C, which is much faster than conventional
slow annealing techniques. From the SEM cross-sectional view, it
is seen that a small layer appeared that is believed to be the Li-O
layer for as-deposited samples, and this layer was removed by the
RTA process. This battery exhibited 57 uAh cm™ um ™" capacity
and showed stable performance for 120 cycles. In addition, an
ASTB with a LiNi; Co,O, cathode was made by the same group
(Kim H. K. et al,, 2002; Kim et al., 2004). An oxygen layer was
formed on the top of the cathode when it was exposed to ambient
temperatures. After RTA at 700°C for 5 min, this oxide layer was
eliminated and the sample could cycle at a capacity of 60.2 pAh
cm™? pum™" for 100 cycles. AES did confirm that the content of the
surface layer was Li-O.

LiMn204 and LigMn204

This spinel-type cathode material was also studied thoroughly by
research groups. Manganese-deficient-lithium-rich samples were
obtained (Li;,xMn;_,O4) upon sputtering of LiMn,Oy,, and it had
several discharge plateaus at 5V, 3.8V, and sometimes 4.6 V
(Bates et al., 1995). Models to account for 5V plateau are based
on partially inverse spinel structures with some Mn** ions on the
8a sites and Li" ions on 16d sites. The capacity for 0.6 Li per
Mn,0, at 4V is confirmed experimentally based on extracted
charge and mass of cathodes (Bates et al., 2000). Park et al. (1999)
made an ASTB with LiMn,0, cathode. A battery with a small
active area of >2.5mm? and thickness of 300 nm showed a
capacity of 48uAh cm™ um™', which is 80% capacity of
LiMn,0,4 (0.8 Li per mole of Mn,0,). The rate capability is
impressive: The discharge capacity obtained at 800 pA cm™> was
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about 45 uAh cm™ um ™', which represents more than 90% of the
capacity obtained at lower currents. This indicates fast lithium
intercalation kinetics within the LiMn,O, spinel structure and a
small ohmic drop across the solid electrolyte. Another group has
also fabricated ASTBs with lithium anode (Li and Fu 2007). As
with previous observations, LiMn,O, has two distinct plateaus at
4and 3V regions during the charge/discharge process. XRD
showed the amorphous structure of the films, but TEM
diffraction patterns showed polycrystalline stripes in the bulk
of LiMn,0O,. The discharge capacity of the cathode is maintained
at 78 puAh cm™> pm™' within 300 cycles. EIS measurements
revealed that Li diffusion is about 87 x 107''cm?® s
Moreover, Xia et al. fabricated a 3D structured LiMn,O,
cathode with Lipon electrolyte and Li anode (Xia et al., 2018).
The target was Li;;5Mn,O, and had excess Li content to
compensate for the Li loss during sputtering. The 3D
LiMn,O,/Lipon/Li ASTB had an initial capacity of 24.2 uAh
cm™? and showed 90% capacity retention after 500 cycles at
1°C, while the capacity retentions of 2D counterparts were <73%.
Later, the same group fabricated 3D tunnel intergrowth Li;MnO,
nanosheet arrays using low-temperature processing (180°C) with
the assistance of electrolyte Li* ion infusion (Xia et al., 2020). The
Li,MnO,/LiPON/Li ASTB showed an initial capacity of 32.8 uAh
cm” ata current density of 20 pAh cm > and retained 81.3% after
1000 cycles. These works show the significance of
nanostructuring of cathodes for ASTBs.

Besides the Li anode, LiMn,O,4 has also been tested with a
V,0s-negative electrode in ASTBs (Baba et al, 2001).
Interestingly, the initial capacity builds up to about 9 pAh
cm™? upon cycling. Upon exposure to air, the capacity does
not degrade since the battery is “Li free.” The latter group has
also shown properties of Li,Mn,0, with various anodes such as
V,05 (Nakazawa et al., 2005), NbO (Nakazawa et al., 2007), and
LiyTisO;, (Nakazawa et al., 2015) by fabricating ASTBs with a
large effective area of ~10 cm®. During sputtering, some of the Li
flies away and the final cathode becomes Li deficient, that is, Li,.
«Mn,O,. Reversible capacities of 18 uAh cm™ um™" (100 cycles),
37 wAh cm™? pm™" (500 cycles), and 52 pAh cm ™ pm™" (12,000
cycles) were obtained for ASTBs with V,0s, NbO, and Li,Ti50;,
anodes, respectively. The voltage profile is linear from 0.3 to 3.5 V
for ASTBs with V,05 anode, and the battery exhibited a decrease
in capacity during the first 10 cycles. ASTBs with NbO anode at
various thicknesses of 50, 100, 200, and 300 nm were tested.
Capacity based on the volume of both positive and negative
electrodes for a 100-nm anode showed better performance than
others. The ASTB with Li;Tis0;, anode shows an S-like voltage
plateau, and this changes to a two-step shape upon anode
thickness increase. TEM images of the cross section of the
ASTB were investigated after 100 cycles. Each battery layer is
condensed, nonporous before and after cycling, and the thickness
of each layer that has a sharp and transparent interface resembles
the initial thickness.

Doped Lithium Transition Metal Oxide Cathodes

A great deal of research has been undertaken on powder
manufacturing of doped lithium transition metal cathodes, and
thin-film batteries are no different. Whitacre et al. studied
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LiyMn,Ni, O, cathodes where the x and y values varied between
0.2-1.8 and 2.7-3.7, respectively (Whitacre et al, 2003).
Combinatorial sputtering of LiMn,O, and LiNiO, targets
revealed 590 um x 590 um sized ASTBs with different cathode
compositions. The highest capacity observed was 115 mAh g*
[~50.4 pAh cm™ um ™" based on a density of 4.38 g cm ™ from
Materials Project (Jain et al, 2013)] for a LiMn; 35Nig 504
cathode. This cathode showed the highest discharge plateau at
4.7 V among the other compositions. Proper substitution of Ni
enables the production of thin-film cubic spinel cathodes with
higher capacities and power densities than those reported for thin
films of pure LiMn,O,. High-voltage thin-film cathodes of
LiMMn;Og3 (M = Fe, Co) were prepared by e-beam
evaporation of targets that were added excess LINO; (20 wt%)
to compensate for Li loss during sputtering and to eliminate
Mn,Oj; impurity in the final films (Schwenzel et al., 2006). ASTBs
could be operated between 3 and 5V vs. Al, LiAl and showed a
capacity of 42pAh cm™ pm™' and 33 pyAh cm™ um™' for
Li,CoMn;0g and Li,FeMn;Oy cathodes, respectively. Chemical
diffusion coefficients for the samples were in the range between
10713 and 107"2cm® s7', which is about three orders of
magnitude lower than those of Li (M;,sMn;;,6)O4 [M = Mn,
Co, (Co, AD)].

Doping was also carried out by incorporating mass quantities
of ZrO, into LiMn,0, for ASTBs (Li and Fu 2007). SEM images
had no apparent grain boundary in the cathode film, which is
attributed to ZrO, penetration in the LiMn,0, film. Despite the
removal of the two-step plateau structure in the voltage profile,
the newly fabricated cathodes had a less volumetric capacity of
53uAh  cm™ pm™'  within 300 cycles. Since Zr is
electrochemically inactive, EIS results confirmed a higher
charge transfer resistance in the sample than that in a pure
LiMn,0, film. This group also demonstrated that ASTBs with
LiCoO, cathode doped with Ni and Zr had different effects on the
structural and electrochemical properties (Li et al., 2006). The
target material for sputtering was made by solid-state reaction of
powders, and thin films became crystalline after annealing at
700°C, which is also confirmed by SEM. For the XRD pattern of
both films, preferential growth along the 003 plane was seen as
films tend to minimize surface energy for thicknesses below 1 um.
Both films showed a layered structure, and upon Ni
(electrochemically active) doping, the capacity increases
relative to LiCoO,, and upon Zr (electrochemically inactive)
doping, higher nominal voltage and cyclic retention are
observed. Baskaran et al. (2009) fabricated a LiNijgCoq,0,/
Li; 4V 6519.404/SnO battery solely using PLD. Post-annealing
at various temperatures revealed random variation of Li
content in the films since Li is an easily evaporable element
and the stoichiometry of Li depends upon many parameters such
as laser power, oxygen flow rate, and post-annealing
temperatures. Cathode material annealed at 500°C showed best
capacity (69.6 uAh cm™ um™") with one red-ox peak with liquid
electrolyte. However, this is not comparable with the theoretical
specific capacity of 136 uAh cm™ um™ for total extraction Li*
from the host matrix of LiNip §C0¢,0,. A severe drop in capacity
is observed for LiNi,Co; 4O, thin films grown by RF magnetron
sputtering due to the nonhomogeneity and nonstoichiometry of
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the films. Furthermore, the ASTB had only ~20 uAh cm™ pm™"
in the first cycles. Therefore, other compositions with mixed
doping mechanism were investigated by research groups.

A target made out of LiNij;;Mn;;3Co1/30, (NMC 111)
powders was used to sputter cathodes for ASTBs (Ding et al.,
2010). Thin cathodes (~0.15 um) had a structure of LiNi; 4Mny,
2C01,30; as claimed by XRD and EDS measurements. By looking
at cyclic voltammetry (CV) redox peaks and plotting it vs. the
square root of the scan rate, Li diffusion constants of 1.62 x 10™*%/
1.78 x 107" cm® 57! for Li* deinsertion/insertion processes were
found. The ASTB was cycled up to 90 cycles and the capacity on
the first cycles was 10.4 uAh cm ™ um ™, which then subsequently
increased to reach a capacity of 33 uAh cm™ pum™". This was
attributed to the fact that the electrode—electrolyte interface
became more convenient because polarization in the voltage
profile was less with cycling. Interestingly, cathode film had a
decreasing specific capacity upon cycling with liquid electrolyte.
Another group also tried to fabricate ASTBs with NMC 111
cathode by sputtering (Feng et al., 2014). Polarization of the thin
film in liquid electrolyte was high due to the relatively poor
conductivity and showed two discharge plateaus after 10 charge/
discharge cycles. The 2V NMC/Lipon/TiO, microbattery
delivered a specific capacity of 52 uAh cm™ um™' and 90%
capacity retention after 400 cycles. Tan et al. prepared
Li-Co-Ni-Mn oxide cathode thin films using powders of
NMC 111 with excess of 10 mol% Li,CO; to compensate for
Li loss (Tan et al., 2014). The thin films were post-annealed at
different temperatures and characterized using several
techniques. XRD and Raman patterns indicated that 400 °C
post-annealed cathode displays a partially crystalline structure
with (104) preferred orientation and that of 700°C exhibits
crystallographic  planes with (101) and (110) preferred
orientations similar to those of the NMC 111 target. The AES
depth profile showed a surface layer composed of Li, C, and O for
the as-deposited sample, indicating reaction of the surface with
air, and this layer was inhibited by post-annealing at higher
temperatures. ASTBs with Li-Al-Ti-P-O-N solid electrolyte
showed a specific capacity of 1542mAh g ' (~69.4puAh
ecm™ um™') and 127.2 mAh g (~57.2 uAh cm ™ pum™") after
100 cycles. The impedance decreased until the fifth cycle and then
increased with further cycling. It is assumed that the cyclability of
the ASTB cell is strongly dependent on the interfacial stability
between the cathode and the solid electrolyte. Remarkable cycle
performance of ASTBs with LiNig sMn; 50, cathode was reported
by the group at ORNL (Li et al., 2015). The first cycle irreversible
charge capacity is mostly caused by the redox couple Mn**/Mn**
instead of electrolyte decomposition, evidenced by the fact that
the capacity of the 4 V plateau (=40 mAh g™') equals the first
cycle irreversible capacity. The excess lithium on the top of the
cathode is eliminated during the first charge phase as well. Owing
to its decreased electrolyte thickness, strong interfacial stability,
and the rapid kinetics of the electrodes, the ASTB provides good
rate capability. However, the active loading of the cathode is still
low at 0.5mg cm?, approximately 10 times smaller than in
industrial batteries with liquid electrolyte. The reversible capacity
under the C/10 rate is 122 mAh g~' (~53.4 pAh cm ™ um™") over
10,000 cycles, and upon increase in current density, the utilization
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of active materials decreases slowly because of polarization. The
battery also showed good rate capability with 74% capacity under
10°C rate. EIS measurements of the ASTB revealed a constant
impedance for 4000 cycles which is not as severe as for that for
liquid electrolyte.

Metal Oxides

Research into PVD of metal oxide thin films has been also
progressing throughout the last two decades (Burdis 1997;
Branci et al., 2000; Panagopoulou et al., 2017; Varghese et al.,
2019). Early discovery of Lipon led researchers to fabricate thin-
film batteries with V,0O5; instead of conventional lithium
transition metal oxide materials. Bates et al. fabricated V,Os5
with Lipon electrolyte and Li metal and observed a reversible
capacity of ~105 mC (i.e., 29.2 pAh) with an active area of 1 cm?
and a cathode thickness of 1 um (Bates et al., 1993). By tweaking
the process parameters, later they were able to obtain a specific
capacity of ~117.6 uAh cm™ um™" for a sample of size 1.21 cm?
and a thickness of 0.13 um (Bates et al., 1995a). The cathode films
were observed to be amorphous in structure, and the resulting
battery exhibited large polarization which arises from the slow
diffusion of Li* in the cathode. Jeon et al. (2001) also fabricated

V,0s5 cathode from a vanadium target in an Ar/O, mixed
environment. Batteries fabricated without exposure to ambient
pressure and with exposure were compared. A V,05/LiPON/Li-
type battery was fabricated and showed better performance for in
situ deposition of electrolyte (the cathode and electrolyte were
deposited sequentially without venting the chamber) than for an
ex situ situation. Although SEM images did not show evident
surface features for the ex situ sample, EIS measurements claimed
otherwise. Electrolyte resistance increased by ~4.5 times, while
interfacial resistance increased by ~15 times for the ex situ sample
and subsequently the charge transfer resistance was 10 times
higher for the ex situ sample than for the in situ sample.
Nevertheless, cyclic behavior was similar for both samples,
although the in situ sample had a higher reversible capacity
(~4.8uAh and 3.5pAh for in situ and ex situ Dbatteries,
respectively). Cystalline V,05 was also investigated as cathode
in ASTBs (Navone et al, 2009). Oxygen flow rate during
sputtering determines the porous or dense crystalline structure
of V,05 films. XRD patterns indicated that thicker samples prefer
a crystalline orientation of (110) and thinner ones prefer (h00).
This behavior is similar to the results obtained by other groups
(Bates et al,, 2000; Tan et al, 2014). At a current density of
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100 uAh cm™, a specific capacity of 25 uAh cm™ pm~
obtained without any capacity fading over 100 cycles. In another
study, oxygen-deficient V,0s5_, showed good capacity (32.74 pAh
cm 2 um™") and a remarkable rate capability (up to 100°C) (Xiao
etal., 2021). This was attributed to the 1-nm Al,Oj; layer that was
deposited between the electrolyte and Li. Although the voltage
profile is linearly decreasing, the capacity could be maintained for
1000 cycles (Figures 5A,B).

Doping of oxides was also considered by several groups.
Huang et al. produced Li,Ag,sV,0s using the PLD technique
and using various concentrations of Li, (1,2,3,4) (Huang et al.,
2003). With liquid electrolyte, Li,AgysV,05 had the highest
capacity of 110 gAh cm™ pm™' with 10 pyAh cm™ current.
XRD patterns revealed that the Liy.33V,0s5 diffraction peaks
disappear after lithium insertion, which might be the result of
the transformation of the polycrystalline structure into an
amorphous phase. The ASTB with the above-mentioned
cathode was cycled for 40 cycles, and the specific capacity
faded from ~85pAh cm™ pum™' to ~40 pgAh cm™ pm™' at a
current density of 7 uAh cm ™. Still, this capacity is higher than
that for the AgysV,0s5 film cathode that was developed by the
same group (Huang et al., 2004). Lee et al. also observed that Ag
doping increases V,05; performance (Lee et al., 2004). In
particular, the AgysV,0s cathode showed 78 pAh cm™ pm’l
capacity, which it maintains for more than 200 cycles.

Another oxide cathode-based ASTB with MoOj; cathode was
developed by Ohtsuka and Yamaki (1989). The cathode film was
reduced MoOs_ due to sputtering, and (010) plane XRD peaks of
MoyO,s (M00,g9) were found, confirming this. The cell
exhibited a capacity of 60 uAh cm™ pm™" for 240 cycles. To
increase the cell capacity per unit area, the group fabricated an
ASTB with a thickness of 4.66 um. With improved ionic
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conductivity of Li,0-V,05-SiO, thin-film electrolyte (1 X
10°°S cm™), a cycling discharge capacity of 290 uAh cm™
per unit area at 10 uAh cm™ current was obtained. However,
cathode utilization is estimated to be only 81.7% compared to that
in a thinner sample of 1 um. The discharge capacity decreased
when the current densities increased as well. MoO;/Lipon/Li
ASTBs on glass and on flexible polyimide substrates were also
fabricated (Glenneberg et al., 2016). The ASTB on the polyimide
substrate has a slightly better discharge capacity than that on the
glass substrate at low currents, but it is pronounced at higher
current densities of 10°C (202.5 pAh cm?). The ASTB on the
polyimide substrate shows a discharge capacity of 71.7 pAh
cm™® um™', while that on the glass substrate has a value of
63.8 uAh cm ™ um™". With a flexible substrate, the cells have less
mechanical stress, and the Lipon therefore has better ionic
conductivity. In addition, this results in lower electrolyte
resistance, which is accompanied by higher lithium ion
mobility and thus leads to higher capacity values. In addition,
the impedance of the Lipon on the glass substrate and that on the
polyimide are distinct. Unlike the glass substrate, battery layers
on the polyimide substrate are mounted on the surface, there is no
tension, and thus no reduced impedance can be measured. These
results are also consistent with the results obtained for ASTBs on
flexible substrates (Song et al., 2010; Koo et al., 2012; Song et al.,
2016). All in all, MoO3 material, although it has a small voltage
window, shows a good cycle stability of at least 550 full cycles,
with only slight capacity fading when fabricated on a flexible
substrate. Sun et al. made self-standing oxygen-deficient a-MoQO;
nanoflake arrays (Sun et al,, 2019). Mo target was sputtered in an
Ar/O, environment and 2D/3D structures were obtained for low/
high deposition and at post-annealing temperatures. XRD and
Raman spectroscopy confirm the crystallinity of both the cathode
structures, but the 3D structured one has more preferred
orientation on the (060) plane. TEM and SAED patterns also
confirmed preferred orientation of OkO for nanoflakes. After
sputtering, 2D and 3D a-MoOs_, samples were oxygen deficient
since XPS results showed Mo’ " ions. After depositing Lipon
electrolyte layer and Li anode, a cross-sectional view of
interfaces revealed a more smooth transition between Lipon and
MoO; for the 3D sample. The cyclic performances were also
compared. The 3D sample had a capacity retention of 92.7%
[145mAh g' (645pAh cm™ um™') to ~140mAh g
(59.8uAh cm™® pum™')] after 1000 cycles, whereas the 2D
sample had only 76% (90mAh g' to ~70mAh g'). In
addition, 3D MoO; was demonstrated to be better off with solid
electrolyte than with liquid electrolyte at high currents because it
achieves improved accommodation capability for volume variation
with enhanced structural and mechanical stability.

Liu et al. (2007) deposited Au/TiO,/Lipon/Li sequentially
without breaking vacuum and compared it with ex situ
process, that is, TiO, was exposed to air. The in situ sample
behaved very stable in than the ex situ sample. Although the
thickness is very small (70 nm) and the ex situ sample decreases
pretty well after 50 cycles. EIS measurements were performed at
the beginning and at 50 cycles. By fitting, they found the
interfacial resistance and charge transfer resistance to be
35 times higher than those in the in situ sample.
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Sulfides, Phosphates, and Tungstates
Many research groups have used PVD to make sulfide/phosphate

(including LiFePO,)/tungstate electrodes for all solid-state thin-
film batteries (Yufit et al., 2003; Mazor et al., 2009; Sugiawati et al.,
2019; Ioanniti et al., 2020). Not many have actually demonstrated
such ASTBs. Here, we report the groups that actually made
ASTBs and not sufficed with one part of the battery.

Sulfides

Back in 1993, Bates et al. developed a TiS, cathode-based ASTB
with a specific capacity of 75 uAh cm™ um™" (Bates J. B. et al,
1993). After being cycled for 4000 cycles, the SEM cross section
exhibited a fracture between the layers of the battery. Also,
Eveready Battery Company developed a TiS,/6Lil-4Li;PO,-
P,Ss/Li battery with open circuit voltage (OCV) between 2.4
and 2.5 V and an energy density of 140 Wh L™" (Jones, Akridge,
and Middaugh 1999). This battery had reached 10,000 cycles at
100 pAh cm™ and was still running at about 90% cathode
utilization to a 1.4V cutoff.

Later, the group at Centre National de la Recherche Scientifique
(CNRS) developed a TiOS cathode for ASTBs (Fleutot et al., 2011).
The integration of oxygen leads to the existence of two forms of sulfur
species: $*” as in TiS,, and S,>” disulfide pairs as in TiS;. At the
beginning of lithium insertion (i.e., at higher voltage), these disulfide
pairs found in TiO,S, can be minimized and help increase a positive
electrode potential as compared to pure TiS,. The chemical lithium
diffusion coefficient was calculated from GITT experiments at 20°C,
and it ranged mainly from 5 x 107" to 3 x 107'* cm® s™* between the
compositions of TiOpS;6 and Lij,TiOgeS16. The ASTB was
encapsulated with a polymer/metal multilayer to protect the active
stack from moisture and oxygen and had a specific capacity of
90 pAh cm ™ pum ™" when cycled at 100 gAh cm™ pm™" between 1
and 3 V vs. Li*/Li. However, there was a stable capacity fading, and
this was correlated to the increase in cell impedance. The key cause of
the capacity decline is consistent with the modification of the Li
electrode morphology when charging, which resulted in a steady drop
of the LiPONY/Li contact area and a rise in internal resistance during
the subsequent discharging. This was also seen in a previous study led
by Neudecker et al. (2000). Inspired by the results, the group
fabricated ASTBs with Li; ,TiOg5S,; (LiTiOS) and Si anode at
different thicknesses (Cras et al, 2015). When Si is in excess
capacity (180nm thick) for a 1.1-um positive -electrode,
irreversible processes occur at the LiPON/Si interface where
“SiO,N,” species are formed during cycling. The same features
were seen for Si/LiPON/Li half-cells. If the anode is less in
capacity (80 nm thick), Si is not enough for alloying, so Li is
plated between the LiPON/Si interface, which is also confirmed by
differential capacity measurements. For capacity-balanced cells (120-
nm-thick Si), more than 1200 cycles were achieved with LiTiOS/
LiPON/(Si 120 nm) cells, leading to a mean capacity fading of about
—0.015% per cycle. Li plating occurred for balanced cells as well if they
were not discharged below 1.45V due to the above reasons. This
could be recovered by discharging to lower potentials. Furthermore,
the Coulombic efficiency revealed that the Li inserted in a Si electrode
was above the amount of Li collected during the subsequent discharge
of the cell. This means that Li accumulates gradually in the negative
electrode as a result of modifications in the Li,Si electrode’s voltage
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curve. Overall, a solder reflow tolerant ASTB was fabricated using
PVD techniques. More studies of LiTOS fabricated by sputtering
targets of LiTiS, in Ar were done by the group (Dubois et al,, 2017).
They chose several routes of target preparation, and the one that
involved preparation of a LiTiS, powder by chemical lithiation of TiS,
using n-butyl lithium (route R1) exhibited better thin films when it
was used as a target. Ti'" species were evidenced in XPS
measurements only in the films that were prepared by sputtering
of the target prepared by RI. These observations are completely
compatible with the LiTiOS charge balance and mean that all the Ti**
that was first present in LiTiS, is oxidized during the sputtering. S
activity redox happens in the beginning of discharge and then Ti
activity further increases the capacity (Figures 5C,D). In addition,
when the state of charge is at 90-100%, contributions that may have
been correlated with the creation of an interphase at Li, TiIOS/LiPON
are seen. Diffusion coefficients measured in Li, TiOy 55, ; materials are
comparable or significantly higher than those for LiCoO, and
LiMn,O, materials.

The same group fabricated an ASTB based on sputtered pyrite
electrodes (FeS,), a Lipon electrolyte, and a Li anode (Pelé et al.,
2015). The successive reduction of S,>” and Fe** species resulted
in a five times higher volumetric discharge capacity than that of
LiCoO,. The first and subsequent 800 charge/discharge cycles
were obtained with excellent reversibility (no irreversible capacity
during first cycles <2%) and capacity retention. Discharging at
higher potentials (3.5-1.5 V) was detrimental to the cathode, but
recovery happened when returned to 3.5-0.5V, and the initial
capacity was easily recovered after few full oxidation cycles.

Phosphates

West et al. made a cathode of LiCoPO, (West et al., 2003). Cathodes,
sputtered from the target prepared by solid-state reaction, showed a
high nominal voltage of 4.8V, with a lower plateau at 2.5V
corresponding to a much higher conductivity phase. Annealing at
700°C is required to obtain crystalline structures and grains of
crystallites as confirmed by XRD and SEM results. Cathode layer
resistance dipped at 2.5V OCV and increased with increasing cell
voltage until ~3.3 V. The ASTB had an initial specific discharge
capacity of 11 pAh em ™ pm ™" at C/15 and it decreased steadily over
the next 100 cycles. Amorphous iron phosphate FePO, and iron
phosphorous oxynitride FePON thin-film cathodes were fabricated
by the group at Fudan University (Li et al., 2006b). The FePO, target
was sputtered in an Ar/O, mixture and in pure nitrogen to fabricate
the respective cathodes. FePO, became more crystalline as the
annealing temperature was increased to 600°C, yet it did not show
better specific capacity. Only the 200°C annealed one showed a
shghtly better specific capacity than the as- dep051ted one (20 uAh
ecm? pm™' compared with 15pAh cm™ pm™'). Cycling
performance and CV of the ASTB with as-deposited and 200°C
annealed cathodes exhibited similar characteristics, even though the
as-deposited cathode had a lower diffusion coefficient than the 200°C
annealed cathode. N incorporation into the O site can be observed
from XPS studies of FePON cathode films. FePON thin films were
3.5 times more jonically conductive than FePO, thin films and can be
charged to Li;; because of N introducing more defects in the
structure. The ASTB made out of FePON cathode was 63 pAh
cm™? um™" and faded by 28% within 90 cycles.
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Tungstate

Tungstate ASTBs were exclusively studied by the group at Fudan
University. Nano-sized CuWO, thin films were tested with liquid and
solid Lipon electrolytes (Li and Fu 2008b). ASTBs with CuWO,/
Lipon/Li layers showed a high specific capacity of 145 pAh
cm™> pum" in the first discharge at a current density of 14 uAh
cm™%, and overcame the unfavorable electrochemical degradation
observed in the liquid electrolyte system. This high capacity is due to
the extrusion and injection of Cu**/Cu’, as well as the reversible
reactivity of (WO,)*>~ framework. However, the capacity quickly
decreased to ~63 pAh cm™ um ™" at the 10th cycle, and the overall
reversible capacity was 30 uAh cm ™ um ™" after 100 cycles. Also, the
group made LiFe(WOy,), thin films that were sputtered from a target
consisting of Li,CO;, Fe,0s, and WO; powders mixed at a molar
ratio of 1:1:4 (Li and Fu 2008a). Amorphous thin films were
crystallized upon cycling as proved by XRD and TEM patterns.
Since there are two redox centers (Fe>* and W®"), there are two
separate plateaus at 3 and 1.5 V. The initial discharge capacity is as
large as 104 pAh cm > um ™" and 56 pAh cm ™ pum ™" retained after
150 cycles, which is comparable to LiCoO, and LiMn,O,. Yet, there is
an irreversible charge capacity of 29% which is due to kinetic
constraints of the discharge phase, possible side reactions, and
electrolyte oxidation during charging. Bi, WO thin-film cathodes
were made using RF sputtering of the target that was produced by the
solid-state reaction of Bi;O3; and WO; powders with a molar ratio of
1:1 (Li et al, 2009). The electrochemical properties of annealed
Bi,WOs, annealed Bi,O;, and as-deposited WO3 were compared
with that of a liquid electrolyte. A multiple-center reactive mechanism
associated with both Bi**/Bi’ and W®*/W** (x < 6) was observed by
ex situ X-ray and TEM studies. The first discharge plateau of the
Bi,WOgs thin film is lower than that of subsequent cycles but shows a
much higher specific capacity. This is explained by the evolution of
the Bi,WQOg reaction mechanism and structural modification of the
original Aurivillius structure. The ASTB was cycled between 1.5 and
4V and showed a capacity of 15 uAh cm™. However, the battery
failed when discharge was lowered to 1 V, and this is attributed to the
breakage of the electrolyte-electrode interface or Lipon short
circuiting,

INTERFACES BETWEEN CATHODES AND
SOLID ELECTROLYTES

Despite the optimistic future of solid-state batteries, the key
obstacle to the successful production of solid-state batteries is
the minimization of interface impedances between solid-state
electrolytes and electrodes, particularly for cathode/SSE interfaces
(Ding et al., 2020). There are several ways a cathode-electrolyte
interface can degrade in ASTBs: 1) formation of a space charge
layer, 2) reaction of the electrolyte with the cathode material, and
3) a decrease in physical contact between the layers upon cycling.
To mitigate these, interface modifications on either electrodes or
SSEs are necessary for successful operation of ASTBs. To stabilize
the surface of cathode-electrolyte interfaces, surface coating and
modification using ALD have been identified as a viable solution
to reduce electrolyte decomposition and associated impedance
increases (Meng, Yang, and Sun 2012; Jung et al.,, 2013; Wise
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et al., 2015). Ultrathin coating films using ALD are very uniform
and highly precise on complex and large substrates (Liu et al.,
2018). Although PVD cannot offer a uniform coating on highly
textured substrates, several techniques do provide improvements
(Xiao et al, 2021). Thermal annealing has been employed by
groups as one of the solutions for the above. For example, by
heating the Lipon electrolyte in contact with the LiCoO, cathode
at 250°C for 10 min in air, the resistance of the bulk electrolyte
and the charge-transfer resistance at the Lipon-LiCoO, interface
were reduced by about a factor of 2 (Neudecker et al., 2000).
Rapid thermal annealing of the cathode before electrolyte
deposition has also proven as a solution because it can remove
the surface oxide layer formed on the cathode and improve the
cathode-electrolyte interface (Kim et al., 2004; Song et al., 20105
Liu et al.,, 2017). One group prepared electrode and electrolyte in
the same vacuum chamber to prevent the formation of a possible
resistive layer on the surface of the LiCoO, film, and from the
impedance data, the interface resistance contributed only a little
to the total resistance of the ASTB (Matsuda et al., 2018).

In addition, to improve the cathode-electrolyte interface,
nanostructuring of the cathode layer was observed to improve
interfacial stability. For instance, the LiCoO, nanorods of
approximately ~100 nm width that are normal to the substrate
show an impressive rate capability and can achieve 90% capacity
in 5.9 min (~10°C) (Song et al., 2016). Also, small grains (~10 nm)
of LiMn,0,4 were formed after charge-discharge cycling of the
amorphous Li,Mn,0, matrix (Nakazawa et al., 2015). These are
spinel grains with well-formed tetrahedral 8a sites. This ASTB
showed quite stable cycle performance over more than 10,000
cycles. Moreover, thin-film cathodes of a-MoO;, that have
vertically aligned nanoflakes of about 40-60 nm thickness
show superior electrochemical performance, maximizing the
cathode-electrolyte interface while retaining the short Li*
diffusion length (Sun et al, 2019). The 3D nanowall
architecture of LiMn,0,4 and Li;MnO, has also shown greater
performance than the 2D counterparts (Xia et al., 2018; Xia et al.,
2020). A significant increase in the cathode-electrolyte interface
area and improved accommodation capability for volume change
provide fast ion transport and enhanced structural and
mechanical stability. Therefore, nanostructuring of the cathode
layer improves interfacial stability. Protecting ASTBs with Li
anode against ambient conditions is also important for high
cycle stability. It has been shown by SEM that during
electrochemical cycling, the overlayer is essential for ASTBs;
otherwise, the battery loses most of its capacity within a few
cycles since the plated Li rapidly develops a detrimental
morphology (Neudecker et al, 2000). Furthermore, as
confirmed by XPS tests, ASTBs with Al anode demonstrated
rapid capacity fading due to the development of an insulating
Al-Li-O ternary alloy on the top surface of a negative electrode
(Gong et al., 2015). Multilayer encapsulation (polymer/metal)
was also made for Si-based ASTBs, and this reinforced by a glass
slide provided long duration cycling (Phan et al., 2012).

In addition, it was claimed that during deposition of Lipon, N,
plasma abuses the top surface of LiCoO, and induces defects,
which creates a space charge layer (Xiao et al., 2018). However,
another group performed an in situ electron energy loss
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spectroscopy observation of LiCoO,/Lipon/Si fabricated by
sputtering, and they showed that it is unlikely that the
disordered layer was formed as a result of the sputter
deposition process of Lipon on LiCoO,. During in situ
charging, the interface layer between the cathode and the
electrolyte led to the formation of a strongly oxidized Co ion
species alongside species of lithium oxide and lithium peroxide.
These results indicate that the interfacial impedance process at
LiCoO,/Lipon is triggered by chemical changes rather than by the
space charge effect (Wang et al., 2016).

CONCLUSION AND OUTLOOK

Vacuum-based technology for fabrication of all solid-state
thin-film batteries has proven to be excellent to control the
film structure and morphology that have been used in the
design of cathode materials. In this review, we documented the
usage of PVD techniques for the synthesis of cathode materials
for ASTBs coupled with solid-state electrolytes and anodes.
We based our report on planar batteries whose specific
capacity is bounded by area as opposed to 3D
microbatteries. However, 3D ASTBs have proved to be very
difficult to technologically accomplish, and the promise of a
high energy and power density battery is yet to be fulfilled.
Nevertheless, there are commercially available 2D ASTBs with
high areal capacity (>250 pAh cm™2), and several groups have
shown very promising works involving planar ASTBs
(Figure 6). Fabrication of cathodes using PVD methods can
be summarized as follows:

1. RF sputtering technique can provide thin-film cathodes that
can deliver satisfactory electrochemical performance without
binders or conductive supplements.

2. Post-annealing of cathodes could be replaced by RTA
techniques which are operated at lower temperatures.

3. Bias sputtering or heating substrates during deposition could
be a viable method for fabrication of cathodes with suitable
properties.

4. Lipon SSE is the main electrolyte for studying cathodes with
various chemistries.

Electrochemical properties of ASTBs based on cathode
materials of lithium transition metal oxides, metal oxides,
lithium phosphates, sulfide, and tungstate materials were
reported. Figure 5 shows the reversible volumetric capacity,
the approximate nominal voltage, and the cathode chemistry
of ASTBs that were cycled more than 1000 times.

In addition, routes that were used by research groups to
mitigate electrode-electrolyte interfacial resistance are also
discussed. The primary limitation of ASTBs is the
cathode-electrolyte interface whose properties are degraded
due to the formation of a space charge layer, reaction of
electrolyte with cathode material, and loss of physical
contact between the layers upon cycling. To mitigate these,
the following perspective solutions were proposed by research
groups:
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1. Thermal annealing of the substrate after cathode and
electrolyte deposition, which could improve the physical
contact between the layers and prevent delamination.

2. Nanostructuring of cathodes for battery cathode-electrolyte
interfaces, which could be achieved by adjusting the deposition
parameters.

3. Deposition of a thin buffer layer between cathode-electrolyte
interfaces, which proved to improve the electrochemical
properties.

Furthermore, electrodes of ASTBs require an appropriate
protective layer that needs to be electrochemically stable
against lithium and nonpenetrable for air. To date, ASTBs
including LiCoO, thin-film cathode and Lipon electrolyte are
mature, and new emerging cathodes need to be tested and studied
with promising electrolyte materials.

Noteworthy is the fact that PVD techniques still face some
challenges, which include the following:

1. Low deposition rates of refractory materials

2. Obtaining lithium-deficient electrolyte or electrode during
PVD depositions

3. Detrimental effect of plasma on the cathode electrode surface
during sputter deposition of electrolyte

Future directions of PVD should be concentrated on the above
challenges, thus decreasing the detrimental effect on
electrode-electrolyte interfaces. Overall, thin-film cathodes
represent a critical basis for advanced lithium ion batteries,
but developing a promising thin-film cathode using more
efficient methods requires significant efforts.
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