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The widespread adoption of high-energy-density solid-state batteries (SSBs) requires cost-effective processing and the inte-
gration of solid electrolytes of about the same thickness as the polymer-membrane separators found in conventional lithium-ion
batteries. In this Review, we critically discuss the current status of research on SSB processing as well as recent cost calcula-
tions, and compare SSB oxide electrolyte material and processing options in terms of performance parameters for thick versus
thin ceramics. We identify as critical for future SSB design the need to capture the thermal processing budget and the stabil-
ity of the phase of interest for oxide solid electrolytes, namely lithium phosphorus oxynitride, sodium superionic conductors,
perovskites and garnets, in addition to the classic plots of Arrhenius lithium transport and the electrochemical stability window.
Transitioning to SSB oxide electrolyte films with thicknesses close to the range for lithium-ion battery separators could provide
ample opportunities for low-temperature ceramic manufacture and potential cost reduction.

emerging decarbonized applications for a renewable elec-

tricity grid in the coming decades demands constant inno-
vation towards a safer, stronger and better battery assembly'” The
current US Department of Energy (DOE) performance and cost tar-
gets for advanced high-performance batteries for electric vehicles
are 350 Whkg™ (750 Wh1™) and US$100kWh™" (at the cell level),
respectively’’. Such demanding goals urge us to deviate from the
conventional ‘rocking chair’ (intercalation) principle used in today’s
LIBs — given that their energy density is fundamentally limited by
the chemistry of the electrodes — towards Li metal-based batteries,
with the possibility of achieving ~35% and ~50% increases in the
gravimetric and volumetric energies, respectively’. Nonetheless, the
use of a Li metal anode necessitates stringent safety precautions to
prevent any failure that could potentially set the green-energy infra-
structure years back.

One of the most promising approaches to improve Li-based bat-
tery safety is to replace the ‘liquid’ ion-conducting electrolyte and
polymer separator in a conventional LIB with a ‘solid’ Li-conducting
electrolyte ceramic in a solid-state battery (SSB) configuration (Fig.
1a)°. The conductivities of oxide and sulfide ceramic SSB electro-
lytes, compared with polymer electrolytes, can reach levels com-
petitive with those of ‘liquid’ electrolytes (~1072-107>Scm™)"".
Compared with polymer electrolytes with poor oxidative stability
and low Li-ion transference number, many ceramic SSB electrolytes
have a cation transference number close to unity, obviating the need
to waste valuable potential (energy) on anion migration’. Among
the two most promising SSB electrolyte chemistries, that is, oxides
and sulfides, only oxides can also offer relatively wide electrochemi-
cal stability windows and enable pairing of high-voltage cathodes
(up to 5V)' with Li metal anodes, towards higher-power-density
and high-energy-density batteries.

Nonetheless, oxides face three main drawbacks challenging cur-
rent commercialization. First, oxides are brittle and suffer from
unfavourable mechanical properties (for example, high Young’s
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modulus, low fracture toughness), which may inhibit intimate con-
tact at interfaces and require additional technological solution (for
example, buffer layers, mixing of electrolytes and additives). The
mechanical challenges may become even more pronounced once
thickness is reduced; thus, further attention should be placed on the
chemo-electro-mechanics phenomena at the interfaces. Second, there
is limited compatibility of oxide solid electrolytes with current cath-
ode chemistries, linked mainly to the high-temperatures processes
involved in the co-sintering step between the components. Lowering
processing temperatures is then an essential prerequisite to assure
good chemical compatibility. Third, oxides usually have higher den-
sities than other classes of electrolyte (sulfides and polymers), which
is detrimental for the overall gravimetric energy density, necessitat-
ing the use of a Li metal anode and high-voltage cathodes.

In this Review, we critically discuss the characteristics, opportu-
nities and challenges associated with the processing of solid-state
oxide electrolytes ranging from pellets to films, promoting their
future integration as ‘thin’ ion conductors and ‘ceramic electrode
separators’ in SSBs.

Prospect on manufacturing costs of electrolytes for Li SSBs
The introduction of SSB oxide electrolytes would improve the pack-
ing density and result in negligible self-discharge and could poten-
tially lead to batteries with longer life expectancy and improved
performance of >10* cycles. In addition to being electrochemically
stable during cell operation, solid electrolytes should be mechani-
cally robust and as thin as possible to maximize the valuable volume
remaining for the electrodes in SSB cell designs. To compete with
current ~20-um-thick polymer separators in typical LIBs, ceramic
manufacturing strategies for SSB electrolytes in that size range are
needed; however, such techniques remain scarce as the latest reviews
on available SSB electrolyte material chemistry draw mostly from
bulky pellet ceramics. Assuming a 25-um-thick solid electrolyte,
a recent estimation suggests that a Li metal SSB pouch cell should
offer an energy density of 350 Whkg™!, aligning well with the pre-
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Fig. 1| Cost and design considerations towards a Li metal-based SSB. a, Typical architecture of a Li metal-based SSB. b, Estimated cost projection for an
SSB to be competitive with an LIB based on LLZO estimations and material costs. Processing costs are not applicable in ‘current status’, given that there
is no production at the moment. A 20 um fully dense LLZO solid electrolyte (SE) has been considered to estimate current materials costs in US$ m=2. 3The
estimated solid-electrolyte production costs for SSB is based on the processing costs for a referenced SOFC technology (that is US$7.5m2) and a 20 um
theoretically dense LLZO electrolyte with a price of US$10-50 kg~ (or US$1-5m~2) assuming mass production'. ®The polymer separator cost does not
include the processing of a microlitre amount of liquid electrolyte at about US$221-"). sint., sintered. ¢, Typical thickness ranges of solid-state electrolytes
reported for pellets*¢3, tapes"'", wet-chemical>*#%'°' and vacuum-based’"*° deposited films. LAGP, Li-Al-Ge-PO,-based SE; NA, not applicable.

viously stated DOE performance goal''. Nonetheless, an in-depth
technology—-feasibility—cost deliberation towards widespread com-
mercialization of SSBs necessitates bringing critical challenges fac-
ing solid electrolytes to the forefront, namely their manufacturing
and the creation of phase and mechanically stable interfaces with
the ceramic cathode and Li anode, which determine the SSB cost,
cycling and longevity. The target of approximately US$100 kWh~!
roughly corresponds to US$30kg™" for materials and manufactur-
ing (at the cell level)'*. To reach this goal for SSBs, substantial efforts
are needed considering the low cost of LIB-battery-grade liquid
electrolytes and separators of ~US$12-20kg™" relative to the pro-
jected cost of US$50kg~" for large-production quantities of a solid
electrolyte™'*'.

The complex task of estimating the SSB production-chain costs
(namely, the processing and material costs) has recently been a
topic of interest, with the findings suggesting that even raw material
prices as low as US$10kg™" would result in economically imprac-
ticable oxide-based cells if we continue to rely on conventional
high-temperature sintering into tapes'”. Recently, a cost guideline of
approximately US$10-12 m~2 for the cell repeat layers of an SSB was
suggested based on the DOE cost target and current LIB cell energy
of 0.2kWhm™ (5mAh cm™). Estimating costs of ~US$7 m~ for the

cathode and current collector and an optimistic rough estimation of
~US$1m™ for the 20 um Li metal sheet (based on an ingot cost of
US$80kg™") leaves less than US$4 m for the solid electrolyte (Fig.
1b)°. For context, we can draw an analogy to ceramic-electrolyte
production in fuel cells: a total production cost of US$10 m~2 (with
processing costs of ~US$7.5m™?) was estimated for a 10 um film of
8 mol% Y,0;-stabilized ZrO, used as an electrolyte layer in a solid
oxide fuel cell (SOFC) tape casted and sintered at high tempera-
tures (~1,300-1,400°C)°. On the basis of the processing costs for
a referenced SOFC technology and a 20pm theoretically dense
Li,La;Zr,0,, (LLZO) electrolyte with a price of US$10-50kg™"
(US$1-5m=2) assuming mass production, a production cost of
US$8.5-12.5m™2 was estimated (Fig. 1b). Although SSB oxide elec-
trolytes are typically sintered at lower temperatures (—A200°C)
than electrolytes for SOFCs, meeting the desired processing costs
of <US$4 m~ requires the establishment of inexpensive, large-scale
fabrication techniques with reduced processing temperature and
duration, especially considering that other parameters, including
but not limited to, inert gas housing or dry rooms, required for
the processing of moisture-sensitive components and scrap (excess
material) rates may increase the manufacturing costs of oxide-based
SSBs even further.
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Current cost projections assume similar ceramic processing
routes for the SSB electrolyte (and cathode) components as those
used for other electrochemical ceramic cell products (SOFCs
and multilayer capacitors), providing reasonable first estimates.
However, it is important to address the disparity in the production
volumes: several 10,000 of cells per year for electrochemical cell
products such as SOFCs versus approximately 19.7 million per year
targeted for SSBs (in line with a mass-production scenario with an
annual output of 6 GWh)'. Here, it is reasonable to assume that the
overall ceramic production lines may adapt to the needs, lowering
SSB costs. In addition, most cost projections assume that SSB elec-
trolytes require some form of high-temperature sintering. However,
SSBs operate ideally close to room temperature, leaving ample room
for thermal processing of the electrolyte and co-synthesis of the
cathode over the entire range from 100°C to often 1,000°C. This
situation notably differs from that of SOFCs, which conventionally
operate in energy conversion at 2/3 to 5/6 of their initial processing
temperature, thereby requiring co-sintering of tapes above 1,000 °C,
leaving only little room to optimize ceramic processing and limiting
the possible form factors. Thus, opportunities to explore ceramic
processing for SSB oxide components over the entire range of tem-
peratures have not even been fully explored.

The critical question when reflecting on these cost goals is:
how far has today’s ceramic processing of SSB electrolytes come in
terms of chemistry, form factors and thermal budget? The major-
ity of today’s solid-state Li-electrolyte conductors for SSBs reported
in the literature, including Li garnets (for example, Li,La;Zr,0,
(LLZO)), perovskites (for example, Li,La,TiO, (LLTO)) and sodium
superionic conductor (NASICON)-type structures (for example,
Li(ALTi),(PO,), (LATP)), are processed as ceramic pellets with
thickness ranging from 300 to 1,000um (Fig. 1c) using conven-
tional ceramic processing routes followed by densification at rather
high sintering temperature (~1,000°C). Recently, ultrafast (up to
10 s) high-temperature (up to 3,000 °C) sintering processes were
strategically proposed and demonstrated success in mitigating the
omnipresent problem of volatile element loss during conventional
ceramic sintering”'®, suggesting the potential for future automated
high-throughput materials screening and synthesis for high produc-
tion volume. Nonetheless, a transition from solid electrolytes pro-
cessed as pellets, mainly serving as model systems, to cost-effective
film manufacturing targeting a thickness of <20 um brings to the
forefront wet chemistry and other methods.

To gain insight into today’s capability for SSB ceramic process-
ing beyond pellets, we analysed the possible thickness range for
SSB electrolytes for known Li-oxide solid-state chemistry and
ceramic processing routes (Fig. 1c) and compared the results
over the entire range from sinter-densified pellets and tapes to
low-temperature-solidified films. Figure 1c reveals the opportuni-
ties to process thick or thin films for the desired SSB electrolyte size
range of <20pm for most known Li chemistries of LLTO, LATP
and LLZO, although these materials may require more attention
(Table 1). In addition, avoiding classic sintering and densification
by employing wet-chemical direct deposition techniques (for exam-
ple, spray pyrolysis, dip coating and inkjet printing) followed by an
annealing step at intermediate temperatures may pave new paths
for SSB electrolyte fabrication besides thin-tape processing with
classic sintering at higher temperatures. Typically, dip coating runs
at lower speeds (~1-10mms™) than tape casting and spray setups
(~20mmin™), both covering large areas through inexpensive ini-
tial investment. Vacuum-based techniques are another mid-range
cost solution offering high control over the phase and targeting
small thicknesses <1.5pum overall at the expense of a larger initial
investment and relatively low (~1-10nms™") deposition rate. At
present, these are the only methodologies used for the commercial-
ization of SSBs based on lithium phosphorus oxynitride (LiPON)
(for example, sputtering) and the only ones enabling controlled
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deposition of metallic Li films by thermal evaporation'’. Nonetheless,
comprehensive cost analysis is needed to realize the true scalabil-
ity potential of vacuum-based thin-film oxide solid electrolytes in
addition to gaining fundamental understanding on the chemistry
and large-scale processing feasibility (for example, deposition area,
deposition rates, roll-to-roll speed and so on).

For any SSB, good mechanical bonding and low-area specific
resistance of the cathode/electrolyte interfaces are required to ensure
fast cycling, and co-sintering of the brittle oxide solid electrolytes and
cathode composite at high temperatures is often required if process-
ing via pellets or tapes. However, for most solid cathode/electrolyte
material tandems, the best co-sintering strategies to maintain the
phase stability and ensure high mechanical bonding require a narrow
thermal processing window. The selection of the ceramic process-
ing route for an SSB electrolyte also steers the design opportunities
for the cathode itself. So far, three principal cathode/electrolyte SSB
designs have been proposed, which differ in their effective active
cathode material loading (~1-12mgcm™2)"® and thermal process-
ing budget. In addition, this cathode loading should be enhanced to
achieve competitive capacity values. In the first and most commonly
adopted design, co-sintering of the composite cathode/electrolyte
assembly occurs at a high temperature (for example, ~1,050°C for
LLZO). This temperature can be lowered to ~700°C if Li,BO, com-
pounds are added as sintering agents. However, when using a sin-
tering agent, the capacity of the composite and the charge-transfer
kinetics are compromised by the presence of residual borate phases
(up to a 35wt%)'**, leading to 100 times lower conductivity than
that for LLZO*'. The second design introduces a porous electrolyte
layer sintered at similar high temperatures (~1,100°C for LLZO and
LLTO), serving as a scaffold for the wet-chemical infiltration of the
cathode active material, with subsequent annealing at much lower
temperatures (~700°C for LiCoO, (LCO)/LLZO and LiMn,O,/
LLTO) (Fig. 2a)***. Analysis of the literature highlights potential
obstacles along the path to commercialization for high-performance
cathode composites prepared using a co-sintering-based approach
that stem from their poor chemical compatibility—we analyse cur-
rent processable co-sinter electrolyte/cathode tandems in Fig. 2b.
For instance, insulating decomposition reaction products between
LLZO and an LCO cathode were reported above 700°C (ref. **).
High-voltage spinel cathode candidates (Li,NiMn,O,, Li,FeMn,O,
and LiCoMnO,) start to react with LATP and LLZO even at temper-
atures as low as 500 °C, leaving no room for co-sintering to gain suf-
ficient mechanical strength”. LiFePO, (LFP) cathodes are difficult
if not impossible to stabilize with LLZO, as phase decomposition
already occurs for processing above 300°C (ref. **). Moving away
from high-temperature co-sintering approaches, one may suggest
a third design option termed ‘Tlow-temperature electrolyte design’
that consists of low-temperature solid-electrolyte film deposition
on a self-standing cathode composite substrate that also serves as
a mechanical support for the thin solid-electrolyte layer (Fig. 2b).
This design strategy has the potential to substantially reduce inter-
facial reaction compared with the co-sintering approach and can be
extended to other high-capacity chemistries.

Thick versus thin ceramic SSB oxide electrolytes

The most-studied Li-ion-conducting ceramics reaching competi-
tive conductivities 1077-107>Scm™" at room temperature are based
on oxynitride glasses (LiPON) and NASICON-, perovskite- and
garnet-type structures (Fig. 3a). Substantial effort is required to
transform a Li-ion-conducting ceramic from a classic bulky pellet to
a thin film of hundreds of nanometres in size: on average, more than
ten years of additional development time is needed to understand
the chemistry, deposition and characteristics of a ceramic film when
starting from its pellet counterpart (Fig. 3b). The stellar exception
is LiPON, for which the thin-film processing route was estab-
lished before amorphous LiPON pellets. Opportunities in ceramic
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Table 1| Summary of wet-chemical and vacuum-based deposition methods for Li-oxide thin films

Thin-film deposition Example Advantages Disadvantages Achievable Strategy of Materials
methods film thickness lithiation been
deposited
Wet-chemical e Sol-gel e Easy to adjust lithiation o Difficult to control film eUpto1Opm e Overlithiate .
methods e Spray degrees of the film roughness and thickness precursor Li;LasZr,0,,
pyrolysis e Ability to scale up for e Complicated chemistry solution e NASICON
e Dip coating  large-scale production and multiple parameters e Lila,_TiO,
e Spin e No vacuum chamber affect film deposition
coating needed and low cost e Drying process needs to
e Low temperature to form be carefully controlled to
desired phases prevent film rupture
o Single- or multistep e Time consuming
decomposition possible: to develop two- or
form oxide backbone at multication synthesis
once or in multisteps routes
Vacuum-based PVD e Sputtering e Ability to deposit e Vacuum chamber eUptoafew e Overlithiatethe o LiPON

methods e PLD out-of-equilibrium phases required and high micrometres target pellet with e

o High control of film operational cost excess lithium Li;La;Zr,0,,
thickness and surface e Usually less conformal (PLD, sputtering) e Lila, ,TiO;
roughness surface coating e Co-deposition

e Wide range of pressure and e Difficult to prevent of two targets
temperature available for lithium loss during (sputtering)
film growth deposition e Deposit with

o Relatively easy to deposit second target like
for two- or multication Li,O or LisN to
oxide films (compared with construct internal
wet-chemical methods) lithiation sources

(PLD)
CVD e ALD e Low kinetic energy of o Slow growth rate eUptoafew e Control vapour o Li;La;Zr,0;,

deposited particles: reduced e High dependence of micrometres flow of the e LiPON

surface and film degradation
during growth

o Versatility of deposition
chemistry

processing window on
precursor volatility

o Difficult for multication
deposition

chemical reaction

o Excellent conformal coating e Challenging to control

e Ability to deposit on
structure with high
three-dimensional aspect
ratio

e Low deposition temperature

processing to define the chemistry and attain a deeper understand-
ing of the relation between the structure, phase and Li-ion transport
for these films will play a role in determining their integration as
‘thin’ electrolytes of future SSBs (Fig. 3c-e).

LiPON. LiPON, with the general chemical formula Li,PO,N,, is one
of the earliest developed Li-based thin-film solid electrolytes and
enabled the successful commercialization of solid-state microbat-
teries?. Whereas bulk-pellet-type oxynitride phosphate glasses are
fabricated by melting LiPO, with subsequent annealing in a nitro-
gen atmosphere”*, amorphous LiPON (a-LiPON) thin films with
one-order-of-magnitude higher ionic conductivity (~10°Scm™ at
room temperature) have been successfully fabricated mainly using
radio frequency (RF) magnetron sputtering”~? with Li,PO, tar-
gets under a nitrogen or ammonia atmosphere at room tempera-
ture (Figs. 3¢ and 4a). Normally, ~1-um-thick films are deposited
and serve as the solid electrolyte; however, because of the inherent
limitations of physical deposition, to achieve sufficient N content
in the deposited film, an N-enriched sputtering target is needed™*.
LiPON fabricated by pulsed layer deposition (PLD) also requires
N-enriched PLD targets and atmosphere control to achieve high
N content in the film. In general, PLD of LiPON is challenging

atomic concentration

because of the poor surface adsorption of N, gas and the difficulty
in transferring N and Li from the target to films*~"".

Its acceptable ionic conductivity and apparent wide electrochem-
ical window (Fig. 3d) have favoured its use as a thin-film electrolyte
for microbattery applications in the realm of SSBs, allowing for a
sufficiently short Li-ion transport distance and low internal resis-
tances. According to first-principles thermodynamic calculations,
LiPON has a narrow electrochemical window (0.68-2.63V versus
Li*/Li)*. However, a wider electrochemical window of 0-5.5V ver-
sus Li*/Li has been observed in practice”, mainly because of the
sluggish kinetics of the decomposition products and blockage of
electron conduction at the LiPON/electrode (including Li metal)
interphase (that is, a thin electronically insulating but stable inter-
phase). LiPON currently has an unmatched long-term cyclabil-
ity of over 10,000 cycles when operating with a pure metallic Li
anode and high-voltage LiNi,;Mn, ;O, cathode for microbatteries,
with remarkably low degradation in cycling performance (<10%)
without any sign of Li-dendrite formation'’. Another advantage of
LiPON film in general over other solid-state Li electrolytes is its
considerably lower processing temperature window of 25-250°C
(Fig. 3b), which enhances its chemical compatibility with other
oxides and is preferred from a mass-manufacturing viewpoint.
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Fig. 2 | SSB architectures and practical processing temperature window of different composite cathode/electrolyte assemblies. a, Co-sintered’®*,
interface-engineered?® and proposed low-temperature processing without co-sintering of half-cell architectures for lower-temperature processed SSBs.
Employing solution synthesis for infiltration or film deposition potentially reduces the processing temperature (T,) of the solid electrolyte and cathode
composite. b, Processing temperature windows of common oxide electrolytes Li;La;Zr,0,, (LLZO)®, Li,La,TiO; (LLTO)** and Li(Al,Ti),(PO); (LATP)*;
composite cathodes LiCoO, (LCO)#, LiFePO, (LFP)?* and LiMn,0, (LMO)?**?; and high-voltage spinel cathodes Li,NiMn;0, (LNMO)?, Li,FeMn;04

(LFMO)# and LiCoMnO, (LCMO)*.

NASICONS . The general formula NaM,(PO,),, where M=Ge, Ti,
Zr, represents ionic conductors with the NASICON-type structure,
which were discovered in 1976™*. About a decade later, the first
Li-ion-conducting NASICON-type solid electrolyte, LiZr,(PO,),
was reported*.. By replacing Zr** with Ti** and AI**, the ionic con-
ductivity is substantially increased as the conduction channels
become larger and therefore more suitable for Li-ion migration®.
For example, LATP can exhibit a total conductivity of 7x 10™*Scm™
at room temperature®. Sintered polycrystalline ceramics or
glass-ceramic NASICON pellets have mostly been prepared by con-
ventional solid-state or solution-based routes. The highest total con-
ductivity by far is 1xX10°Scm™ at room temperature for an LATP
pellet prepared by a sol-gel route and field-assisted sintering (Figs.
3c and 4b)*. Although the bulk ionic conductivity, structural stabil-
ity and oxidation potential of LATP electrolyte is quite high*, efforts
towards battery integration have rarely been reported because of the
reduction of Ti'** against low-potential anodes (Li metal, graphite).
The introduction of a protective layer, for example AL,O;, at the inter-
face between LATP and a low-potential anode has been suggested to
avoid its reduction and resultant electronic leakage*-*". The fabri-
cation and optimization of thin-film LATP has been less frequently
reported than that of other oxides (Fig. 4a-d). The maximum
reported conductivity of thin-film LATP remains one order of mag-
nitude less than that of its bulk pellet form, which could be attributed
to the difficulty of glass-ceramic phase control in thin films.

Thin-film LATP has been fabricated by sol-gel-driven spin
coating®, aerosol deposition™" and RF magnetron sputter-
ing’”?, with two to three orders of magnitude reduction in the
Li-ion conductivity compared with that of polycrystalline LATP
pellets (Figs. 3¢ and 4b)*. Polycrystalline LATP thin films depos-
ited by aerosol deposition have ionic conductivities ranging from
1.1x107¢ to 2.7x107°Scm™ under ambient conditions, with the
greatest advantage being the production of dense ceramic coatings
directly from an initial polycrystalline powder without the need
for a high-temperature step on a substrate®’. However, the porosity,
presence of amorphous residual phases and generally low crystal-
linity can collectively result in a decrease in the Li-ion conductivity
of LATP-based thin films deposited by aerosol deposition. The
highest conductivity of 2.46 X 10~°Scm™ was measured for purely
amorphous LATP films deposited by RF magnetron sputtering™
and was attributed to the denser and more uniform film microstruc-
ture after deposition compared with that of thus far reported films
deposited by aerosol deposition (Fig. 4b). Nonetheless, the limited
reduction potential (2.17 V versus Li/Li*) of LATP films makes their
direct integration as an electrolyte with a Li metal anode challeng-
ing (Fig. 3d)*>.

Perovskites. Perovskite-type LLTO is another class of materials that
has been intensively studied as solid-state electrolytes in both poly-
crystalline pellet and thin-film form. Polycrystalline LLTO pellets

>
>

Fig. 3 | Properties of diverse oxide solid electrolytes. a, Structures, local bonding units and network for convenient Li-ion migration paths of oxide-based
Li-ion conductors, including amorphous LiPON, NASICON-type LATP, perovskite-type LLTO and garnet-type LLZO. N, and N are apical nitrogen and
doubly coordinated nitrogen, respectively. 4f, 2c, 2d, 48/96h and 24d are the atoms Wyckoff positions. b, The year LATP pellet*?, LIPON film®?, LLTO
pellet>, LIPON pellet?, amorphous LLTO film®, LLZO pellet®’, amorphous LATP film*, cubic LATP film*®, cubic LLTO film’¢, amorphous LLZO®*® and cubic
LLZO films®® were processed and the associated Li-ion conductivities. On average, more than ten years of additional development time is needed from
the discovery of materials in their pellet form to thin films. 6, total conductivity. ¢, Li-ion conductivities of Li-oxide-based solid-state electrolytes in
pellet and thin-film form compared with that of the state-of-the-art liquid electrolyte EC:PC:LiPF, (ref. '*). The data include the highest reported values

of pellet-type and thin-film LLZO®%%°, LLTO®*¢¢, LATP**** and LiPON?¢=°, EC:PC, Ethylene carbonate—propylene carbonate. d, Theoretical electrochemical

stability windows (V) based on first-principles thermodynamic calculations obtained from ref. '° are shown. e, Processing temperatures (°C) for reported
pellets?®4363£0 and thin films30>268°6%9 are also shown. Classification as an amorphous or crystalline thin film (continuous line) or pellet/tape (dashed line)
for each material class is indicated by a- and c-, respectively. Panels a, ¢ and d reproduced with permission from ref. ', Springer Nature Ltd.
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are typically prepared by solid-state synthesis™ or sol-gel process- x=0.1 (Lij;La,Ti0,;) to ~10*Scm™ with a further increase in
ing”. As the Li concentration x in Li,laj,, ,T#0, increases, the the Li content due to local distortions of the lattice and an increase
bulk {grain) Li-ion conductivity can vary from ~10*Scm™ for in the migration energy barrier, which slows down the diffusion
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Fig. 4 | lonic conductivity of oxide solid electrolytes for different processing routes. a-d, LiPON thin films (a), NASICON-type LATP thin films (b),
perovskite-type LLTO thin films (¢) and garnet-type LLZO thin films (d) compared with their pellet conductivity (grey dashed line). a- and c- indicate
amorphous and crystalline, respectively. T, is the deposition temperature and T, is the annealing temperature. epi, epitaxial.

and ion conduction®***. However, the high grain-boundary resis-
tance has been a distinct drawback thus far, leading to a total ionic
conductivity of ~10°Scm™ (refs. **=*?). The origin of the high
grain-boundary resistance is mostly attributed to: (1) the pres-
ence of an ion-blocking secondary phase such as Li,CO; at the
grain boundary and (2) possible local structure deformations of the
Ti-O polyhedral leading to depletion of La and Li within the grain
boundary*-®*. Evidence for the latter is that the highest total ionic
conductivity of 4.8X10™*Scm™ was reported for LLTO ceramic
pellets with excess Li at the grain boundary (Fig. 3¢)®.

LLTO thin films have been prepared using various deposi-
tion techniques including e-beam evaporation®, PLD“-", RF
magnetron sputtering’>”’, atomic layer deposition (ALD)”* and
sol-gel-based spin-coating methods”’® (Fig. 4c). The highest con-
ductivity of LLTO thin films thus far, 8.7 X 10™*S cm™!, was achieved
for grain-boundary-free a-LLTO films prepared by PLD (Fig. 4c)®.
In addition, total ionic conductivities of 107*~10°Scm™" have been
reported for films prepared by e-beam evaporation®, RF sputtering’,
sol-gel coating” and PLD (Fig. 4c)*®. Epitaxial growth is another way
to avoid contribution of the resistive grain boundaries in the films
but requires single-crystal substrates, which is thus far impractical
from a manufacturing viewpoint®’. For sol-gel-coated polycrystal-
line LLTO films, the grain-boundary resistance sharply decreases
above 1,150°C because of the decrease of the grain-boundary con-
centration vertical to the substrate. A total Li-ion conductivity of
4.42%x107°Scm™ can be achieved with post-annealing at 1,100°C
(Fig. 4c). Similar to NASICON-type LATP electrolyte films, the
application of LLTO as a thin-film electrolyte with a metallic Li
anode could be challenging without the introduction of an artificial
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interfacial layer®’” because of the reduction of Ti at low potential
(Fig. 3d).

Garnets. Among oxide-based Li-ion conductors, Li garnets have
received attention for the past decade as a promising class of
solid-electrolyte materials with a wide experimentally reported
electrochemical window (~0-6V), attributed to a kinetically lim-
ited surface passivation layer, and high Li-ion conductivity com-
pared with those of other state-of-the-art solid electrolytes (Fig. 3c).
Garnet-type materials have a general structure of A,B,(XO,),,
where A=La and X="Zr, Nb, Ta and B = Al, Ga, Ge, Fe, and were
first probed for their Li-ion conductivity” in 2005, with a conduc-
tivity of 107*Scm™ achieved for Li;La,X,0,, with X=Nb or Ta”.
Shortly after, cubic-phase LLZO was discovered with a higher
room-temperature Li-ion conductivity (~10Scm™) than that of
its tetragonal-phase polymorph present at lower sintering tempera-
tures”>®. Unlike LLTO®"*?, LLZO exhibits a low grain-boundary
resistance possibly because of the increased bandgap and different
characteristics of the space-charge profiles®, which is favourable for
an electrolyte for high-performance SSBs.

The synthesis and especially the stabilization of the cubic and
fast-conducting LLZO phase has long posed a challenge for its
thin-film form. Thin-film LLZO has been prepared using a wide
variety of vacuum-based techniques, including RF sputtering™,
PLD*® and wet-chemical synthesis by metalorganic chemical
vapour deposition (CVD)¥, sol-gel processing® and ALD*. An
unusual wide spread in Li-ion conductivity over the range of 10~
to 10°Scm™ has been reported (Fig. 4d)*”***-*. To overcome
this challenge, novel strategies to control the Li stoichiometry
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of vacuum-deposited films such as co-deposition®**® and post
lithiation® have been explored”. Thus far, the highest conductivi-
ties reported for LLZO films are in the range of 10°-10"*Scm™!
deposited by vacuum-based techniques using a novel approach that
uses two ceramic pellet targets in a so-called multilayer deposition
with post-annealing step (Fig. 4d)’****. The development of solu-
tion chemistry suitable for the stoichiometric composition and the
desired microstructure appears to be challenging'®. Developing
solution chemistry and processing routes takes a long time, espe-
cially for structures such as LLZO that are composed of three or
more cations and are condensed over their metal salts to oxides. In
addition, drying cracks and densification issues are often observed
in wet-chemistry films, which require optimization. So far, the
highest reported Li-ion conductivity for wet-chemically deposited
cubic LLZO films at room temperature is 2.4x10°Scm™" (Fig.
4d)'!, which is one-order-of-magnitude lower than that achieved
by multilayer deposition via PLD (using two ceramic pellet targets).
However, it is promising that the Li content in the films is relatively
easy to tune by simply dissolving additional Li salts into the precur-
sor solutions'*>'”*, which opens up the possibility of large-scale and
low-cost manufacturing for thin SSB Li-garnet electrolytes.

Similar to LiPON and LLTO, which can be processed as both
crystalline and amorphous films and, in some cases, pellets, Li gar-
nets can also be processed as amorphous films. In 2018, it was dis-
covered that amorphous Li garnet (a-LLZO) films can be prepared
via PLD at lower temperature (as low as 300°C) than that used for
cubic-phase LLZO films. The transport characteristics (for example,
Li-ion conductivity and ion-transport activation energy) of these
amorphous films vary depending on the processing temperature.
Unsurprisingly, given the very recent developments in controlling
Li stoichiometries for LLZO films, the fabrication of amorphous
phases has been less frequently explored, and the Li-ion conduc-
tivity of their near-order amorphous structure is currently under
investigation®.

A guide to tame Li stoichiometry and high temperatures

A critical issue for SSBs is the integration of solid-state Li electrolytes
while maintaining their phase and desired fast transport properties.
It is evident from Fig. 3b that there are ample opportunities to inte-
grate solid electrolytes even as films for a wide set of Li conductors;
however, the thermal processing window of the phase and depo-
sition selection will determine their properties and, ultimately, the
integration of a given Li conductor into any commercial cell design.
Unlike millimetre-sized pellets or >40-pm-thick tapes for SSB elec-
trolytes, which require sintering at approximately two-thirds of the
melting temperature and high pressure for densification, Li-ceramic
film processing allows access to the small but wide range of several
hundred nanometres to 20 pm without the need for classic sinter-
ing (Fig. 1c). Achieving the ideal thickness of the solid electrolyte,
that is, close to or even smaller than that of a classic polymer sepa-
rator’, is challenging or may be deemed as simply unrealistic for
classic sintering and densification of powders into pellets and poses
challenges for tape processing. Conversely, thin-film processing of
Li oxides allows for direct densification from a gas, liquid or solid
state even at one-fifth to one-third of the melting temperature with
reduction of the thickness by up to three orders of magnitude for
both nanocrystalline and amorphous phases for the majority of
solid-state Li conductors. In addition, thin-film processing also
provides more degrees of freedom to stabilize attractive new amor-
phous phases such as for LATP or LLTO beyond the established ones
for LiPON because of the low-temperature ‘sinterless’ manufactur-
ing, which may be of interest as potential Li-dendrite mitigation
strategies for grain-boundary-free SSB electrolyte designs. To make
cautious choices in future SSB design, we revisit and sort through
current ceramic processing options, targeting ‘thin’ solid electrolyte
processing opportunities and future perspectives; address critical

issues, such as lithium loss and phase maintenance; and comment
on upscaling and mass-manufacturing potential per the chemical
synthesis route.

Vacuum-based film processing techniques, such as physical
vapour deposition (PVD) and CVD, enable straightforward assem-
bly of dense multication films processed as solid-state thin-film
electrolytes and electrodes for SSBs (<~1.5um). In PVD tech-
niques, two methods are commonly used to deposit Li-based thin
films: PLD and sputtering. These techniques rely on vapour forma-
tion and particle ejection from a ceramic target at very low pres-
sures, which later diffuses, nucleates, grows and condenses onto the
substrate (Fig. 5a); this high-energy process often results in highly
oriented film microstructures, usually with columnar grains or
amorphous structures. These high-energy processes often enable
stabilization of out-of-equilibrium phases, allowing the formation
of desired material phases that would otherwise be thermodynami-
cally unfavourable. Another advantage of these methods is that they
rely on high control of the thickness and surface roughness, yield-
ing high-density films, which is beneficial for device integration, for
which film quality and phase purity outweigh processing cost.

In the case of Li-based oxides, Li is easily lost during deposi-
tion (Fig. 5a), often resulting in off-stoichiometric films*. To com-
pensate for the Li loss during the deposition process, co-deposition
of two targets for sputtered films (Fig. 5¢) and of overlithiated
ceramic targets for PLD films (Fig. 5b) are the typical strategies
used. However, stabilization of most crystalline solid-state electro-
lyte materials (including LLZO and LLTO) and electrode materi-
als (including spinel and layered materials) in their highly lithiated
phases is difficult for PLD films only using overlithiated ceramic
pellets as targets'®. Recently, ceramic processing employing an
internal Li source during deposition was introduced with the use of
a second target of Li;N and Li garnet and post-annealing (Fig. 5d) to
successfully overcome Li loss during deposition®. Importantly, Li;N
was selected because its bandgap is close to that of the PLD laser,
leading to fast deposition transfer without much Li loss. Similar to
these two PVD techniques, CVD uses a vapour source to induce a
chemical reaction or decomposition of the gas species in the vapour
phase to deposit thin films'*>'*. The chemical process in the CVD
reactor can be thermally, plasmonically or photonically activated.
The advantages of CVD are that the kinetic energy of the deposited
particles is generally lower than that in other vacuum-based tech-
niques such as sputtering or PLD, reducing surface and film degra-
dation during growth and increasing the versatility of the different
chemistries available to explore. ALD is a specific type of CVD that
has emerged as a powerful technique for the growth of thin films
with exceptional conformal coating that can also be applied for
three-dimensional high-aspect-ratio structures'”’. Compared with
both PVD and CVD, vacuum-based techniques (PLD, sputtering)
are more mature and continue gaining momentum for conformal
film deposition on larger substrates with high-aspect-ratio struc-
tures. Nonetheless, given the large investment required to scale-up
films deposited via PLD, such films have thus far been mainly used
as model systems to study electrode/electrolyte interface reac-
tions for batteries but have not found real entry to commercial
SSB designs.

Wet-chemical synthesized films are attractive in terms of manu-
facturing cost reduction and scale up of SSB electrolytes, obviating
the need for an expensive vacuum chamber or high-energy source.
Moreover, solid-electrolyte films synthesized via wet-chemical
techniques may be easily processed to the desired electrolyte thick-
ness ranging from the submicrometre level to several microme-
tres. Conventionally, wet-chemical ceramic processing of films
has been performed using sol-gel, spray pyrolysis, dip coating or
spin-coating routes (Fig. 5¢). The challenges for most wet-chemical
film deposition techniques are twofold. First, most Li-oxide-based
conductors of interest are composed of at least two to four cations,
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Fig. 5 | Overview of the different lithiation strategies available. a, Lithium loss mechanism during thin-film annealing at high temperatures. b,
Overlithiation of deposition target for vacuum-based films. ¢, Co-deposition with a Li-source target for vacuum-based films. d, Construction of internal
lithiation sources with secondary target for vacuum-based films. e, Overlithiation of precursor solution for wet-chemical films.

and specific phases are required to ensure fast Li motion through
the structures. For example, for doped Li garnets, such as Lig,;Al, ,sL
a,Zr,0,,, coordination of the multiple and often differing metal salt
decomposition points and adaption of the organic chemistry (that
is, the decomposition points and chain length towards the deposi-
tion temperature) are needed for chemical decomposition, nucle-
ation and condensation reactions'*. The second aspect in the art of
wet-chemical film manufacturing is to gain control of drying of the
Li-ceramic forming film without crack formation during deposition
and post-annealing. This aspect can also technically involve a single
or multistep temperature- or pH-controlled chemical reaction(s) to
transfer either all of the salts to the forming oxide at once or to use
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different subreactions to control the drying during densification in
a stepwise manner.

For Li-oxide ceramic films, there is a large variety of possible Li
salts with thermal decomposition temperatures ranging between
100°C and 550 °C, which is a much wider range than that for other
heavier metal cations (for example, La, Ti, Zr) conventionally used
in the synthesis of Li electrolyte or electrode materials. One of the
richest arguments for further exploration of wet-chemical ceramic
synthesis and manufacturing for Li-based films is that in most
compositions, the lithiation degree of the film can be very easily
adjusted during synthesis (Fig. 5¢). By adding more Li salt to the
original precursor for as long as the component remains soluble
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Table 2 | Current processing methods and challenges for mass manufacturing of Li-oxide thin-film materials

Materials class  Local bonding Primary General considerations for  Potentials for mass manufacturing  Application as electrolyte in
units deposition  processing SSBs
method
LiPON One bonding Sputtering e Maintaining Li and N e Sputtering is a scalable and Pellet: NA
unit: stomh{qmetry during commercially attractive tgchnlque Film: Li/LiPON/LiNiysMn, -0,
P(ON), deposition e Room-temperature deposition 10,000 cycles/120 mAh g-' at
tetrahedra available, which increases 01C (ref. 19)
compatibility of processing with
other material components
NASICON Two bonding Sputtering e Limited precursor choice in e Scalable vacuum-based Pellet: Pt/LCO/NASICON/
(for example, units: wet-chemical processing deposition is preferred over LiPON/Li
LATP) TiO¢ octahedra; of polyanionic oxide based wet-chemical methods, due 50 cycles/50 Ahg="at 0.01C
AlO; octahedra on PO, to limited choice of phosphate (ref. >%)
precursors Film: NA
Perovskite One bonding PLD e Maintain stoichiometry e Scalable vacuum-based Pellet: NA
(for example, unit: and mitigating Li loss deposition is preferred over Film: half-cell
Li,La,_, TiO5) TiO¢ octahedra during deposition V\{et—chemical methods,.due to . LiNiysMn, s0,/a-LLTO
high grain boundary resistance in 50 cycles 98% capacity
crystalline film rehemtien
Garnet Four bonding PLD e High configurational o Low-cost wet-chemical methods  Pellet: Li/LLZO/LCO
(for example, units: entropy due to four or more  are preferred over vacuum-based 100 cycles/94 mAh g~' at
Li;La;Zr,0,,) LaOg cations in structure deposition 0.05C (ref.%%)
dodecahedra; e Li stoichiometry can e Four or more cations: difficult Film: NA
ZrO, octahedra; greatly affect phases and to develop processing route to
LiO4 octahedra; conductivity achieve desired phases
LiO, tetrahedra e Processing temperature is desired

to be further reduced to improve
processing compatibility with other
materials

NA, not applicable.

(and therefore able to react), the Li concentration of the forming
oxide can be easily steered to allow for low-temperature manufac-
turing below 750 °C (ref. *). Moreover, the excess Li in the deposited
films not only helps to stabilize the desired fast-conducting phases
during post-heat treatments but may also act as a grain-boundary
agent that can promote densification and improve film density'®.
The development of an inorganic synthesis protocol to achieve
the desired phases and stoichiometry in dense thin-film form is
required for each material class; thus, the advancement of chemical
synthesis routes for ceramic solid-state films of Li oxides is gener-
ally complex and time intensive. However, if further improved, this
route would be cost effective and well suited for mass manufactur-
ing to meet society’s energy storage needs. In addition, the lithiation
degree and distribution of Li within the grains and grain boundar-
ies could provide a powerful tool for altering the grain-boundary
chemistry, including the transference numbers, bandgap and struc-
ture properties, yielding high stabilities towards Li-dendrite forma-
tion and longer cycle life of SSBs.

Thus far, except for the commercialization of LiPON in a
solid-state microbattery, the promising film Li-ion conductors,
including LATP, LLTO and LLZO, have yet to be properly integrated
in SSBs. Considering the reduced thermal processing window for
cubic LLZO compared with that for LLTO (Fig. 3¢) and the flexible
tunability of oxide-based LLZO with wet-chemistry routes relative
to that of polyanionic oxides such as LiPON and LATP, fewer com-
patibility issues are expected for device-level integration of LLZO
as a solid electrolyte in SSBs. Furthermore, a-LLZO and a-LLTO
films are also promising alternatives not only because of their
grain-boundary-free nature but also because of their lower process-
ing temperatures relative to those for their crystalline counterparts.

The high ionic conductivity reported for a-LLTO prepared by PLD*
indicates its great potential as an electrolyte for SSBs. Nonetheless,
further research is needed to understand the amorphous nature of
LLZO, LLTO and LATP and to optimize the ionic and electronic
conductivities versus their local bonding units (Table 2). In gen-
eral, a concrete understanding of (1) the conduction mechanism
in amorphous thin-film Li-ion conductors and (2) the stability of
amorphous Li conductor/electrode (metal, oxide and so on depend-
ing on the application) interfaces have been less explored than for
polycrystalline Li conductors. The progress reviewed here presents
an opportunity for science and industry to translate many of the
current processing techniques used to prepare desirable crystalline
and amorphous fast Li*-conducting phases for SSB electrolytes into
low-temperature processes, targeting cost-effective methods with-
out the classic needs of sintering for sizes of 1-20 pm.

A thin but solid battery perspective

There has been remarkable progress in the development of SSBs
and electrolytes over the past two decades, leading to new phase and
material discoveries. So far, most reviews in the battery field have
only considered sintering approaches for the synthesis of solid Li
electrolytes, leading the majority of researchers to focus on pellet
processing with a few notable exceptions, where tape processing and
other methods were examined'""'”*. As a result, up to 75% of the
production costs assumed in current cost projections for SSBs may
be greatly overestimated as future solid-electrolyte manufacture and
bonding to cathodes may not necessarily require high-temperature
sintering and their classic ceramic tool park. In this Review, we
first assembled evidence of the ample opportunities to manufacture
ceramic films in the desired size range of 1-20 pm to replace polymer
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separators in LIBs, with the benefit of high electrochemical stability
and lithium compatibility for several SSB electrolyte materials.

Second, electrolyte films based on LATP, LLTO or LLZO do not
necessarily require classic sintering or starting from synthesized
powders and densification, as wet-chemical scalable routes could
also be developed. The initial processing-related numbers for many
cost calculations for SSBs are based on the assumption that similar
tools (such as those for SOFCs) but at slightly lower temperature
will be used for the assembly of SSBs. Although this assumption is
a reasonable starting point, it does not account for all the alterna-
tive ceramic processing technologies or phase stabilization strate-
gies that do not require sintering. If further progress in film SSB
processing can be achieved, especially examination of wet-chemical
sinterless, cold and rapid sintering techniques using the methods
identified here’, this information may affect the cost targets at scale
and lead to new assembly strategies in SSB design.

Third, low-temperature ceramic processing will enable the sta-
bilization of a new generation of (grain-boundary free) amorphous
solid Li* electrolyte ceramics beyond LiPON, including LATP, LLTO
and LLZO. These materials are more readily accessible in thin- or
thick-film form without the need for high-temperature sintering,
enabling their use as full solid electrolytes or buffer layers for opera-
tion for high cycle numbers with pure lithium. In SSB designs, their
use would allow for a greater range for engineering the transfer-
ence number (known to alter Li shorts along grain boundaries) and
operation over a wide electrochemical stability window, which may
gain even more importance when considering that SSB electrolytes
can and should become thinner. Nevertheless, the understanding of
their local bonding unit arrangements (for example, role of network
formers and modifiers) and Li transfer as well as implementation in
SSBs is still in an early stage.

Fourth, transferring ceramic processing for a Li material class
from high-temperature sintering to lower processing conditions
and times requires alternative strategies to manufacture Li stoichi-
ometries with a certain precision to ensure phase stability and high
performance of the SSB ceramic. We provide a blueprint for sinter-
less processing of SSB materials, demonstrating how to control the
intrinsic lithiation degree after ceramic processing, which we judge
to be a key parameter to realize the ongoing transition of most SSB
electrolyte materials from thick to thin.

Finally, we encourage the SSB community to employ thermal
processing plots to reflect on the thermal budget available to sta-
bilize thin or thick films and establish fusion strategies towards
the cathode and stability towards lithium. Despite being far
from commercialization, the need to address the possibilities for
low-temperature and small-form-factor ceramic processing for
electrolyte design may lead to shifts in manufacture and motivate
researchers and engineers to join the voyage and design the next
generation of batteries for electric vehicles and portable electronics
for our society’s future.
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