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ABSTRACT: Development of solid-state electrolyte (SSE) thin films is a key toward the fabrication of all-solid-state batteries
(ASSBs). However, it is challenging for conventional deposition techniques to deposit uniform and conformal SSE thin films in a
well-controlled fashion. In this study, atomic layer deposition (ALD) was used to fabricate lithium silicate thin films as a potential
SSE for ASSBs. Lithium silicates thin films were deposited by combining ALD Li,O and SiO, subcycles using lithium fert-
butoxide, tetraethylorthosilane, and H,O as precursors. Uniform and self-limiting growth was achieved at temperatures between
225 and 300 °C. X-ray absorption spectroscopy analysis disclosed that the as-deposited lithium silicates were composed of SiO,
tetrahedron structure and lithium oxide as the network modifier. X-ray photoelectron spectroscopy confirmed the chemical states
of Li in the thin films were the same with that in standard lithium silicate. With one to one subcycle of Li,O and SiO, the thin
films had a composition close to Li,SiO, whereas one more subcycle of Li,O delivered a higher lithium content. The lithium
silicate thin film prepared at 250 °C exhibited an ionic conductivity of 1.45x 107 S em™ at 373 K. The high ionic conductivity
of lithium silicate was due to the higher lithium concentration and lower activation energy.
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B INTRODUCTION

Lithium ion batteries (LIBs) have led the revolutionary
development of portable electronics in the past two decades
due to their high energy density. Tremendous attention has
also been directed toward improving LIBs to meet the stringent
demands of hybrid electric vehicles (HEV), electric vehicles
(EV), and grid energy storage systems. Deliberate and
incremental progress has been made in optimizing the existing
technology and the discovery of novel advanced battery
materials.”> One significant part of the research is ASSBs,
where conventional liquid electrolyte is replaced by SSE. Liquid
electrolytes carry inherent safety issues like flammability and
risks of leakage, which will be eliminated by utilizing SSEs. In
addition, the ASSBs provide more flexibility in battery design in
order to pursue higher energy density and longer cycle life.’ >
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SSEs have primarily been incorporated in planar thin film
batteries.”” But the areal energy density is limited by the two-
dimensional design. The advent of 3D architecture enables
increased energy storage in a small footprint area. Moreover,
miniaturization of power sources can give rise to an enormous
market expansion of microelectronics.”* Despite a few 3D
configurations proposed so far, it is still challenging to fabricate
conformal electrodes and electrolytes in such design for 3D
ASSBs.” "

ALD has been widely used for depositing conformal pinhole-
free thin films on high-aspect-ratio 3D structures. Vaporized
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precursors are sublimed and introduced into the deposition
chamber alternatively. Saturated surface reactions based on the
vapor-phase deposition dictate self-limiting film growths,
therefore offering precise thickness control down to angstrom
and tunable stoichiometry. The saturated and self-limiting
surface reactions also ensure excellent coverage and uniformity
on 3D substrates.">~" So far, various ALD processes have been
established to synthesize different active materials as battery
components.”'°™'® Foremost, SSE is an indispensable
component in ASSBs. Great efforts have been devoted to
preparing lithium-containing thin films as SSEs by ALD, which
remains to be challenging due to the limited choices of
precursors and their different temperature windows.'’
Putkonen et al. first reported successful synthesis of Li,COj;
by ALD after the evaluations of a few lithium organic
compounds as lithium precursors, promoting the rapid progress
of ALD in lithium-containing systems.'” Later on, lithium
lanthanum titanate was deposited by combining the subcycles
of TiO, (TiCL,—H,0), La,0, (La(thd);—03), and Li,O
(LiO'Bu—H,0).” Other lithium-containing comgounds, lith-
ium phosphate, lithium silicate, and LiNbO3,21_ 7 have been
deposited by applying the similar strategy of combining ALD
processes to obtain multicomponent oxides. Besides, there have
been significant progress in ALD synthesis of active electrode
materials. As an example, we have reported that TiO,/Li;PO,
nanocomposites by ALD presented outstanding electro-
chemical performance as anodes for LIBs.”® Cathode materials
including LiFePO,, LiCoO,, and lithium manganese oxides
have also been developed via ALD.”'%*

The ionic conductivity of SSEs must be evaluated before
being used in all-solid-state lithium ion batteries. A protocol
measurement of the jonic conductivity of thin films by ALD
was first demonstrated by Aaltonen et al.*' Li,O—Al,O; thin
film presented an ionic conductivity at the order of 1077 S cm™
at 573 K after S h annealing at 700 °C.”" The high temperature
required in postannealing, however, can be detrimental to the
thin films or the substrates (the electrodes) due to the
occurrence of film cracking resulting from thermal stress.
Henceforth, glassy SSEs have become promising candidates
considering that the easy film formation does not require harsh
post-heat treatment. Moreover, high ionic conductivity can be
achieved for the as-prepared thin films. Several systems have
been selected and studied.** In our previous work, we have
successfully developed lithium tantalate and lithium phosphate
thin films with an ionic conductivity of 2 X 10 and 3.3 x 107*
S cm™, respectively, at room temperature (RT).*"*” Recently,
lithium phosphorus oxynitride (LiPON) SSE has been
synthesized by plasma-enhanced ALD and thermal ALD. The
ionic conductivity of LIPON was improved to the order of 1077
S cm™! at RT3

Apart from the aforementioned glassy SSEs, lithium silicate
glasses (Li,0—SiO,) possesses an “open” framework that
allows isotropic lithium ion migration and thus promises good
ionic conductivity. Ionic conductivity of lithium silicate ranges
from 107® to 10° S cm™" depending on the Li,O and SiO,
compositions.37_40 Furthermore, lithium silicate is relatively
stable in contact with lithium metal, thus avoiding possible
reduction at negative electrode.””*® Himiliinen et al.
established a process for lithium silicate with a stoichiometry
close to lithium metasilicate (Li,;,Si0,,) using lithium
hexamethyldisilazide [LIHMDS] as both lithium and silicon
sources and ozone as the oxidant.” In this study, we achieved
the lithium silicate (LSO) thin film growth with an alternative

ALD recipe based on lithium tert-butoxide (LiO'Bu), with
tetraethylorthosilane (TEOS) as Si source. Local electronic
structure of the ALD lithium silicate thin films was studied by
X-ray absorption near-edge structure (XANES). The ionic
conductivity of the amorphous LSO deposited at different
temperatures was evaluated.

B EXPERIMENTAL SECTION

Lithium silicate thin films were deposited in a Savannah 100 ALD
system (Cambridge Nanotech Inc.) with nitrogen as the carrier and
purging gas. The ALD subcycles of Li,O and SiO, were combined.
The Li,O subcycle consisted of lithium fert-butoxide [LiO'Bu,
(CH;);COLi] as lithium source and H,O as oxidant while
tetraethylorthosilane (TEOS) and water were precursors for the
SiO, ALD subcycle. LiO'Bu and TEOS were sublimed at a source
temperature of 170 and 65 °C, respectively. The manifold was kept at
190 °C. Four different deposition temperatures were carried out, i.e.,
228, 250, 275, and 300 °C, while the pulse time of LiO'Bu, TEOS, and
water remained at 1, 2, and 1 s, respectively. One subcycle of Li,O and
one subcycle of SiO, composed one full ALD cycle. 10 s of nitrogen
purge was used subsequently after each precursor. Silicon (100)
substrates were cleaned using a stepwise acetone, ethanol, and water
rinse procedure and then blown dry by N,. Powder-based carbon
nanotubes (CNTs) as substrates were refluxed in nitric acid (HNO;,
70%) for 3 h at 120 °C in order to remove the residual catalyst
involved in the growth of CNTs. Then the treated CNTs were washed
by deionized water, dispersed in ethanol, drop-casted on Al foil, and
dried overnight in air.

The cross section of thin films on Si substrates was observed using a
field-emission scanning electron microscope (Hitachi-4800). The
average thickness was measured and calculated from six randomly
selected spots of each film. A Bruker D8 Advance X-ray diffraction
(XRD) with Cu Ka X-ray source was employed to examine the crystal
structure of the thin films on Si. X-ray photoelectron spectroscopy
(XPS) [Kratos Axis Ultra Al (alpha) spectrometer] was employed to
obtain the stoichiometry of the lithium silicates on CNTs. All the
XANES study in this work was conducted in Canadian Light Source
(CLS) on the Soft X-ray Microcharacterization Beamline (SXRMB). A
InSb (111) crystal monochromator was set up for measuring Si K-
edge. Total electron yield (TEY) and X-ray fluorescence yield (FLY)
spectra were collected. All XANES spectra were normalized to the
incident photon flux.

For impedance testing, lithium silicates thin films were sandwiched
between sputtered Au layers (~50 nm) on glass substrates. All the
LSO thin films were deposited to be 130 = 2 nm thick. The effective
planar area of sandwiched SSE was 4 X 4 mm?” Electrochemical
impedance spectroscopy (EIS) was acquired by a CHI electro-
chemistry workstation. The testing frequency decreased from 200 kHz
to 100 mHz within a temperature window of 303—373 K (10 K step).

B RESULTS AND DISCUSSION

Lithium silicates thin films grown on silicon at 225 °C
(LSO225), 250 °C (LSO250), 275 °C (LSO275), and 300 °C
(LSO300) were examined by SEM. Figure la shows the film
thickness plotted against the ALD cycle number, which exhibits
a linear correlation after fitting the data. It is indicative of a self-
saturated growth, and thus a successful ALD process has been
achieved at all four temperatures.'” The cross-section views of
lithium silicates thin films after 500 ALD cycles on Si substrates
are displayed in Figure lc—f. Uniform depositions can be seen
at all four temperatures. The thicknesses of LSO225, LSO250,
LS0O275, and LSO300 thin films are measured to be 39, 49, 62,
and 68 nm, respectively. ALD processes of SiO, using TEOS
and water at low temperatures have been reported only in the
presence of the NHj; catalyst.”' = The Si—OH* surface species
are reported to have strong interactions with Lewis bases like
ammonia, and therefore the SiO—H chemical bond is
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Figure 1. (a) Thickness of LSO thin films plotted against ALD cycle
number; (b) growth per cycle of LSO at different deposition
temperature; SEM pictures of the cross section of LSO thin films
on silicon at (c) 225 °C (LS0225), (d) 250 °C (LS0250), (e) 275 °C
(LS0O275), and (f) 300 °C (LSO300) after 500 ALD cycles. The scale
bar is 100 nm.

13,41

weakened, making the oxygen a stronger nucleophile.
Interestingly, no deposition was observed when the SiO,
subcycle was conducted solely without the Li,O subcycle.
This might be ascribed to the similar mechanism. By
introducing the Li,O subcycle, a Lewis base environment
might be created to facilitate the ligands removal during the
TEOS subcycle.”**** The slope of the linear fitting lines
represents the growth per cycle (GPC), as shown Figure 1b. A
GPC of 0.80, 1.00, 1.26, and 1.36 A is obtained for L§0225,
LSO250, LSO275, and LSO300, respectively. A higher growth
rate of lithium silicate is observed at a higher temperature. The
reason could be that at elevated temperatures the ligand
exchange reaction is promoted and the reactivity of LiO'Bu and
TEOS is higher, leading to faster thin film growth.13’23’3’1 When

two subcycles of Li,O were applied with one SiO, subcycle at
250 °C (denoted as LSO250-2), the GPC was increased to 2.57
A (Figure Sla). The difference of GPC between LSO250 and
LSO250-2 cannot be simply assigned to the extra one Li,O
subcycle considering its “catalyzing effect” on the growth of
SiO, proposed above. This mechanism makes it difficult to
isolate the study of the growth of SiO,. Hence, we only focused
on the effect of different ALD parameters on the electronic
structures and the electrochemical performances of deposited
thin films.

XANES at the Si K-edge was investigated the chemical
environment of Si in the lithium silicate thin films. Si K-edge
XANES involves the process that Si 1s electrons are excited
into unoccupied states in the conduction band. The spectral
features result from the dipole excitation of the core electrons
to the bound and quasibound states and are related to the local
structure and bonding environment of the absorbing atom. The
chemical change could be determined by the shift of edge jump
threshold or the position of the first resonance (known as the
whiteline).”*~>° Spectra in Figures 2a and 2c were collected in
total electron yield (TEY) mode while those in Figures 2b and
2d were in fluorescence yield (FLY) mode. TEY measures the
total yield of photoelectrons, Auger electrons, and secondary
electrons (dominant), revealing the information from several
nanometers deep from the surface due to the shallow electron
escape depth. On the other hand, FLY detects outgoing
fluorescent X-rays which has 2 orders of magnitude increase in
attenuation length in the solid than electrons, revealing bulk
sensitive information.*’

All the XANES spectra of the as-deposited thin films
exhibited three main features, denoted as peak A, B, and C.
First, comparing the four TEY spectra in Figure 2f, the
whitelines of quartz SiO, and nano SiO, powders at 1846.8 eV
agree well with the literature and can be attributed to the
transition of Si s electrons to the antibonding %p—like states
(t,) according to the dipole selection rules.**~*° Below the
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Figure 2. Si K-edge TEY XANES spectra at of lithium silicate thin films deposited (a) at different temperatures, (c) with different Li subcycle
numbers, and (f) standard powders (Na,SiO5, quartz, and nano SiO,). Si K-edge FLY XANES spectra at of lithium silicate thin films deposited (b) at
different temperatures and (d) at 250 °C with different Li subcycle number. (e) First-derivative spectra plotted from TEY and FLY spectra of

LS0O250 and LSO250-2.
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edge, there is a weak shoulder peak arising from the forbidden
transition from Si 1s to 3s-like states (a;).""** By introducing
alkaline metals into the compound, the whiteline of LSO250
presented a red-shift of ~0.4 eV, consistent with the findings of
Henderson et al.*** A shift of the edge to lower energy in the
spectra indicates a decrease in polymerization due to the
addition of alkaline metal as a network modifier."** Besides,
features in the spectrum of LSO250 resemble those for
Na,SiO; and standard lithium silicates in refs 45, 48, and 50,
suggesting Si in the lithium silicate thin films exists in similar
tetrahedral oxygen ligand environment.

Second, the TEY spectra in Figure 2a show the same
resonances A, B, and C. Peak A locates at the same position of
1846.4 eV, which is identified to be the 1s to t, transition for
the four-coordinated Si. No shift is observable, which implies
the same local structure Si** bonded with four oxygens on the
surface in the thin films deposited at different temperatures.*>**
The only peak B (~1849.4 eV) between A and C instead of the
well-resolved features seen in quartz is present. Essentially spin-
forbidden transitions of Si 1s electrons to empty 3d states
account for the features in this region, which is likely arising
from local distortion. The alleviated distortion of the SiO,
tetrahedron in amorphous systems and nano powders gives less
chance for the overlapping of unoccupied 3p-like features with
the 3d states, generating less symmetry-forbidden shape
resonance. Therefore, the patterns are flattened out, indicating
the amorphous nature of the thin film structures.*”*” This was
further verified by low-angle X-ray diffraction, where no
diffraction patterns were found in the spectra, confirming the
absence of long-range order.”® Furthermore, the relative
intensity of peak A to B remains almost the same for the
four spectra. Based on Henderson and Li et al.’s work on the
alkaline silicates, the network modifier in our case is only Li,O
in the binary glass. The ratio of peak A to B implies similar
Li,O content in the thin films prepared at different temper-
atures."**** The FLY spectra in Figure 2b further substantiate
the discussions above. The FLY XANES spectra suffer from the
thickness effect, where the photon is self-absorbed by the thin
films. The intensity of the whiteline is therefore reduced, and all
the features are broadened."” Nevertheless, a comparison
between TEY and FLY spectra disclose similar electronic
structure of Si at the surface and in the bulk of the LSO
samples.

XANES spectra of LSO250 and LSO250-2 are compared in
Figure 2c—e. First, peaks A, B, and C experience a shift to lower
energy in both TEY and FLY spectra when the ALD subcycle
number of Li,O increase from 1 to 2. The shift of ~0.3 eV is
easily observable in the first-derivative spectra shown in Figure
2e. By increasing the Li,O subcycle number, a higher Li to Si
content ratio would be expected theoretically. The Li element is
very electropositive, which will contribute more electrons
toward Si. Si could exist in a chemical state a little lower than
4+ in the context of a Li-richer environment in LSO250-2,
which can explain the red-shift of the whitelines as well as the
edge jump. The shift also presages a possible lower degree of
polymerization of SiO, tetrahedron, which is in good
agreement with the effect of additional network modifier
mentioned above.******° The conclusion is further confirmed
by the decrease of peak intensity of peak A to B from LSO250
to LS0250-2.**°"** In addition, peak C is narrower and of
higher intensity for LSO250-2 compared with LSO250. The
higher%liglium content might lead to an improvement in local
order.””

To further analyze the chemical compositions of LSO, XPS
was conducted using CNTs as substrates instead of Si wafers to
avoid the interference of the background Si signal. XPS survey
scans are provided in the Supporting Information. The peaks
for C 1s and some oxygen signals are from the CNT's substrates
and the functional groups attached. Apart from it, the thin films
consist of the elements Li, Si, and O. The atomic ratio of Li to
Si is calculated from the atomic percentage and lists 3.25, 3.74,
3.57, 3.51, and 5.84 corresponding to LSO225, LSO250,
LSO275, LSO300, and LSO0250-2, respectively. The four
lithium silicate thin films with one subcycle of Li,O resemble a
close stoichiometry to Li,SiO, considering the XPS and the
XANES results.”*">° With two subcycles of Li,O, a much
higher lithium content is obtained, which coincides very well
with the conclusions from the XANES spectra. Figure 3 shows

(a)Li1s | (b) Li1s
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Figure 3. Deconvolution of Li 1s XPS spectra of lithium silicate thin
films deposited (a) at different temperatures and (b) with different Li

subcycle numbers.

the Li 1s high-resolution spectra with the deconvolution of the
peaks. In Figure 3a, only one sharp and symmetric peak can be
detected at 55.2 eV for all four spectra of thin films deposited at
the four temperatures, indicating there is solely one chemical
state (Li—O) in each sample. The single peak can be designated
to that of lithium silicate (Li,SiO4) referring to the
literature.”*™*° Also, no evident shift of the peak position can
be seen among the four spectra which means the chemical state
of Li in LSO is similar to that in standard Li,SiO,. Moreover,
Figure 3b includes the Li 1s XPS spectra of LSO250 and
LS0O250-2. Differing from the spectrum of LSO250, the
deconvolution shows that another peak emerges at a lower
energy of 53.6 eV, except the one belonging to lithium silicate.
The extra peak can be assigned to lithium oxide (Li,0).”" >’
Therefore, the Li element in Lig,SiO, (LSO250-2) exists in
two different environments, namely Li—O—Li (44%) and Li—
0-Si (56%). The occurrence of Li—O—Li arised from the extra
Li,O subcycle in the ALD process. Both the quantitative and
qualitative results of XPS are in excellent accordance with the
XANES results.

Ionic conductivities of LSO thin films were measured by EIS.
Figure 4a—e displays the Cole—Cole plots acquired at a
temperature range from 313 to 383 K, followed by the
Arrhenius plot of the ionic conductivity (Figure 4f). At the high
frequency region, one semicircle was presented, attributed to
the bulk resistance. At the low frequency region, an inclined tail
can be ascribed to the polarization of the electrode—electrolyte
interface. One important point to note is that this feature is
typical of an ionic conductor when an open circuit diffusion
takes place by using an ionic blocking electrode (Au for
instance).””® The impedance plots were fitted using an
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Figure 4. EIS plots of LSO thin films (a) LS022S, (b) LS0250, (c) LSO27S, (d) LSO300, and (e) LSO250-2. (f) Arrhenius plots measured from
313 to 383 K (solid lines were simulated to fit the measured scattered points).

equivalent circuit depicted in the inset of Figure 4a, where R,
and R, denote the contact ohmic resistance and the bulk
resistance of the electrolytes. A constant-phase element (CPE)
was employed in the circuit, which represents the resultant bulk
capacitance of the LSO thin films. W is the finite length
Warburg element, occurring when charge carriers diffuse
through the solid.”"

The Li* conductivity of LSO thin films was calculated by
applying the empirical R, values into the equation ¢ = d/(AR;,)
wherein d = 130 nm and A = sandwiched area between the gold
electrodes.”"*"*> Comparing the thin films deposited with one
Li subcycle, thin films LSO225, LSO250, LSO27S, and LSO300
deliver an ionic conductivity of 1.05 X 1076 1.45 X 1075, 9.41 x
1077, and 4.69 X 1077 S cm™}, respectively, at the maximum
measuring temperature 373 K (100 °C), among which thin film
LSO250 exhibits the highest value. Similarly, at the minimum
measuring temperature 303 K (30 °C), the ionic conductivity
measures to be 2.18 X 1071°,5.72 x 107, 1.73 X 107°, and 7.06
X 107" S em™ for thin films L0225, LSO250, LSO275, and
LSO300, respectively. Although the ionic conductivities are of
similar level, the best ionic conductivity can still be obtained
from thin film LSO250. The reason can be associated with the
lithium content of the as-prepared thin films. In silicate glass
solid-state electrolyte systems, the elementary structural unit
(SU) is SiO, tetrahedron sharing bridging oxygens (BO). A
continuous 3D network over the entire volume forms.
Introduction of alkali oxides leads to the disruption of the
Si—O—Si bonds and consequently the formation of non-
bridging oxygens (NBO), which would be beneficial to the
conductivity. To improve the conductivity, one critical factor is
the charge carrier concentration, which is lithium in this case.
Among the four lithium silicate thin films, LSO250 has the
highest lithium to silicon ratio (3.74), which is also the closest
stoichiometry to Li,SiO,.>”*”%*~%* It is worth mentioning that
to a certain degree a higher content of lithium might give rise to
a better ionic conductivity, primarily owing to a reduced
activation energ}/'.62’65_68 The value of E, was calculated from

31790

the slope of the linear lines (Figure 4f), which are 1.22, 0.80,
091, and 0.93 eV for L§0225, LSO250, LSO275, and LSO300,
respectively. The measured values are consistent with the range
of E, of lithium silicate glasses.””**~%”*’ This provides further
evidence for the above theory that LSO250 indeed has the
lowest activation energy.

Furthermore, the ionic conductivity of LSO250-2 was also
evaluated and is presented in Figure 4e, which varied from 3.13
X 107 to 7.46 X 1077 S cm™' from 303 to 373 K. The ionic
conductivity of LSO250-2 is lower than that of LSO250, albeit
LSO250-2 has a stoichiometry of Lisg,SiO, which contains
much more Li than LSO250. However, the activation energy of
thin films LSO250-2 is 0.799 eV, almost the same with that of
LSO250 (0.797 eV to be exact). The possible reasons are the
following. First, ion motion in disordered solids can be
described by activated hopping between charge-compensating
sites. Conventionally, point defects form based on two models
which are Schottky and Frankel processes. The former one
involves cation—anion vacancy pairs while the latter relates to
cation or anion vacancy—interstitial pairs. The amount of the
defects affects the concentration of charge carries.””’”" When
there are much more equivalent sites than the available mobile
ions to fill in, increasing the mobile ion density would benefit
the ionic conductivity. The creation of NBO provides extra
hopping sites and lowers the activation energy. However, to a
certain degree, extra lithium into the system does not
necessarily mean an increase in the mobile ion concentration,
but probable occupants that “block” the possible diffusion
pathways (vacancies). Meanwhile, the highest potential barrier
that the ions have to conquer in diffusion could remain almost
unchanged.*”*>”® With the above being said, there is still severe
paucity in the information on the mechanisms behind ion
dynamics in amorphous ion conductors. Further studies and
calculations are urged to advance the understanding of glassy
solid-state electrolytes.
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B CONCLUSIONS

ALD prepared lithium silicate SSEs were achieved at 225, 250,
275, and 300 °C with LiO'Bu, TEOS, and H,O as sources.
Linear growth was obained with a GPC of 0.80, 1.00, 1.26, and
1.36 A, respectively. At a deposition temperature of 250 °C, the
GPC was also obtained with increased Li,O subcycle number,
which was 2.57 A. The presence of Li,O subcycle helps
facilitate the growth of SiO,. XANES analysis showed that Si in
thin films share the same SiO, tetrahedral structure from the
surface to the bulk and the thin films were amorphous. By
introducing lithium oxide as the network modifier, the
polymerization degree or long-range order was decreased.
Extra lithium affected the bonding structures around Si. XPS
results gave the ratio of Li to Si which was closed to the
stoichiometry of Li,SiO,, except LSO250-2 with a much higher
lithium content. XPS also confirmed that all the as-deposited
lithium silicate thin films existed in similar chemical structure as
that in standard Li,SiO,. Furthermore, the Li* conductivity of
the thin film solid-state electrolytes was measured. LSO250
exhibited the best conductivity of 5.72 X 107 S cm™ at 303 K.
Incorporation of more Li improved the ionic conductivity but
only to a certain degree. It is expected that the lithium silicate
thin films developed by ALD can find potential applications in
3D all-solid-state batteries.
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