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ABSTRACT: Atomic layer deposition (ALD) was used to control the stoichiometry of thin
lithium aluminosilicate films, thereby enabling crystallization into the ion-conducting f-
eucryptite LiAISiO, phase. The rapid thermal annealed ALD film developed a well-defined
epitaxial relationship to the silicon substrate: $-LiAlSiO, (1210)IISi (100) and B-LiAlSiO,
(1010)lISi (001). The extrapolated room temperature ionic conductivity was found to be o
1.2 X 1077 S/cm in the [1210] direction. Because of the unique 1-D channel along the c axis
of B-LiAlSiO,, the epitaxial thin film has the potential to facilitate ionic transport if oriented
with the c axis normal to the electrode surface, making it a promising electrolyte material for

three-dimensional lithium-ion microbatteries.
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B INTRODUCTION

Lithium-ion batteries are the premier power source for a wide
range of mobile electronic devices as well as electric vehicles.
In the era of internet of things where a trillion sensors are
projected to be needed each year to support autonomous
operation in sensing, actuation, and communication, lithium-
ion batteries are an excellent candidate to power these small-
scale devices." Miniaturization of lithium-ion batteries has been
successfully implanted as a planar stack of solid-state thin-film
components but suffers from low areal energy densities
because of limited film thicknesses. In this 2D design, the
thicknesses of the electrodes are limited by poor Li* transport
(as well as mechanical considerations), which creates limited
areal loading. A transition to three-dimensional (3D)
architectures has gained much recent attention, because of
its ability to mitigate some of the trade-offs between areal
energy and power density through increased surface area to
volume ratios of the electrode materials—producing improved
efficiency in electrode material loading per area. Several 3D
battery designs have been proposed, including interdigitated
pillars, concentric tubes, aperiodic sponges, and trenches.””’
Each of these 3D designs involves a nonplanar electrode
structure and requires a conformal coating of the solid
electrolyte over the electrode—making atomic layer deposition
(ALD) an excellent synthesis technique because of its non-line-
of-sight nature.”*

The three main requirements for a solid electrolyte of this
type are high ionic conduct1v1ty, low electrical conductivity,
and thickness uniformity.”® Various techniques have been
employed to deposit lithium-containing thin films, including

pulsed laser deposition, e-beam evaporation, sol—gel deposi-
tion, chemical vapor deposition, magnetron sputtering, and
ALD.””"” Atomic layer deposition as a gas-phase synthesis
technique offers the unique advantage of conformal deposition
across high aspect ratio structures but with the drawback of
slow growth rates. In the case of the solid electrolyte, this
drawback is somewhat mitigated in that the diffusion time for
Li* across the electrolyte layer scales with the square of the
thickness, meaning thinner layers lead to lower ohmic losses as
long as the layer is thick enough to resist breakdown and
excessive leakage current. In this accord, ALD has been utilized
to successfully synthesize a wide range of thin-film solid
electrolyte materials,"”'*™*° in addition to anodes,®**73!
cathodes,”* ™ barriers,’ and current collectors®*™*’ as well
as 3D batteries consisting of all atomic layer deposited
materials on a Si trench structure.”

Although many oxide-based solid electrolytes have been
synthesized via ALD to date, they generally exhibit much lower
ionic conductivities as compared to their crystalline counter-
parts because of their specific structural arrangement that
facilitates fast lithium-ion transport. In the ALD synthesis of
Al-doped Li;La;Zr,0;,—a promising solid-state electrolyte
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Figure 1. (a) XPS survey spectra of a Li,ALSi,O thin film deposited via the ALD cycle sequence [12(AL,05)-4(LiOH)-4(Si0,)]xS corresponding
to a ~17 nm thickness. High-resolution XPS detailed scans showing the Li 1s, Al 2p, Si 2p, and C 1s in the panels b and ¢, respectively, where the
spectra corresponding to the as-deposited thin film are shown in black and post RTA treatment in red. The as-deposited film was found to be
lithium-rich most likely because of surface driven diffusion and reaction to form lithium carbonate as seen in (c) with the C 1s peak at 290 eV (iv).
Carbon 1s peaks are shown in panel ¢ in which (i) corresponds to sp* carbon—carbon bonding, (ii) to carbon—oxygen binding, (iii) to carbon—
oxygen double bond, and (iv) to carbonate. (d) Tertiary diagram of various Li,AlSi,O samples deposited utilizing the ALD cycle sequence
a(ALO5)-b(LiOH)-¢(SiO,). The ALD cycle ratios are shown as squares, whereas the XPS-determined compositions post RTA are shown as circles.

with ionic conductivities as high as 1073 S/cm at room
temperature,”* the stoichiometry of the as-deposited films
could be finely controlled; however, crystallization in the
garnet structure could not be realized.”* Control over both the
stoichiometry and structure is critical in the development of
crystalline solid electrolytes as Li-ion transport is governed by
the carrier type (defect chemistry), diffusion pathway (anion
arrangement), and diffusion type (interstitial direct hopping,
interstitial knock-off, and vacancy direct hopping).*’

An interesting family of solid electrolyte materials is the
lithium aluminosilicate (Li,ALSi, _ O, 0 < x < 1, LASO)
system that has several crystal structures (Table SI in the
Supporting Information). In particular, the p-eucryptite
structure has a framework of f-quartz (pure SiO,), with Li
and Al incorporated. f-quartz, a hexagonal system (space
group P6,21 or P6,21), is formed by building blocks of SiO,
tetrahedra with each corner O atom bonded to two tetrahedra,
also referred to as bridging oxygen (BO). When Li,O is added
to form lithium-containing silicate glasses (Li,0),(SiO,); _
the incorporation of alkali disrupts the SiO, tetrahedral
network and results in the formation of non-BO (NBO)
sites.”' =" The NBOs provide relatively weak connections
between one tetrahedral cation (Si) and one or more Li*.*>**

When quartz is doped by Al,O3, Al atoms replace Si atoms in
the lattice sites because of their comparable atomic sizes. If
there are alkali ions present to balance the charge, such as Li",
the quartz structure changes from SiO, tetrahedra and BOs to
SiO, and AlO, tetrahedra and BOs with Li-ions occupying
interstitial sites.”’ Ideally, more Li ions are desired for a higher
ionic conductivity of the material; hence, incorporation of
more Al atoms is needed. However, the oxygen bridge between
two Al-ions is unstable due to the Pauling electrostatic valence
rule, suggesting that no more than 50% of the Si atoms in
tetrahedra can be replaced by Al atoms.** f-LiAlSiO, has 50%
Si atoms substituted by Al atoms, forming a quartzlike
framework of alternating SiO, and AlO, tetrahedra with Li-
ions in the interstitial sites forming 1-D channels parallel to the
¢ axis. LiAISiO, exhibits moderate ionic conductivities in the
crystalline, glass, and glass ceramic phases at room temper-
ature, ™% s electronically insulating, and has an activation
energy for ion motion in the range of 0.77—0.95 eV.” Because
of the 1-D channels along the c axis, the ionic conductivity
along the c axis is higher than that in other directions.*”* In
addition, the ionic conductivity of S-LiAISiO, has been shown
to increase with decreasing film thickness,*® ideal for
microbatteries where the thin-film electrolytes are in the
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Figure 2. (a) Specular XRD scans of a Li,Al,Si,O sample deposited with an ALD cycle sequence of [12(AL,0;)-4(LiOH)-4(SiO,)]xS, rapid
thermal annealed at 900 °C. Peaks corresponding to the reflections of the (1010) and (2020) planes of the f-eucryptite LiAlSiO4 were observed.
(b) In-plane XRD scan where peaks corresponding to the LiAlSiO,(1210), Si(400), and LiAlSiO,(2420) reflections were observed.

order of nanometers. If the 1-D channels can be aligned in the
direction normal to the two electrode surfaces in a thin-film
battery structure, enhanced ion transport is expected. Beyond
the scope of microbatteries, a electrochemically stable thin-film
electrolyte may be viable to improve interfacial properties in
solid-state batteries.”"

While ALD has been employed successfully to synthesize
amorphous LiAISiO,,"” this work focuses on realizing epitaxial
and crystalline LASO thin films. To achieve this goal, it is
necessary to carefully manage the composition and atomic
arrangement by controlling the ALD cycles precisely. An
amorphous thin film with the appropriate stoichiometry and
atomic arrangement can be converted into a crystalline thin
film by a postdeposition thermal treatment. In this work, two
types of thermal annealing up to 900 °C were used to control
the structural change of lithium aluminum silicate.

B RESULTS AND DISCUSSION

The ALD of Li,ALSi,O thin films was performed through a
supercycle process consisting of a(TMA-H,0)-b(LiOBu-
H,0)-c(TEOS-H,0), where a,b,c can be modulated to tune
the composition in the deposited films. The ALD growth rates
for AL,O; and LiOH were 1.4 and 1.0 A/cycle, similar to as
demonstrated in previous work.'” SiO, incorporation was
performed via a tetraethyl orthosilicate (TEOS)/H,0
precursor couple, which has been shown to be reactive in
the presence of an electropositive metal atom (Al, Li), through
lowering the barrier to reaction of the silicon ethoxy bond to
cleavage via H,0.”"> Since the reaction of TEOS/H,O
depends on the presence of other metal cations, the amount of
silicon incorporation may be limited as the reactivity is
diminished with the increasing number of consecutive TEOS/
H,0 cycles.”” A growth rate for SiO, is not reported here due
to the inability to quantify it without the presence of another
metal oxide, where the effects of each binary ALD process on
each other cannot be delineated.

Various Li,ALSi,O thin films were deposited by altering the
ab,c constants in the supercycle and their corresponding
surface composition characterized utilizing X-ray photo-
electron spectroscopy (XPS) for samples in the as-deposited
state and after rapid thermal annealing (RTA) at 900 °C. A
RTA approach was taken due to the observation of surface
lithium depletion during annealing in an in-situ ultraviolet

photoemission spectroscopy (UPS) set-up as shown in Figure
S1, which could be due to an alloying reaction of Li at the Si
substrate interface or LiOH evaporation. Because of the
difficulty in predicting the growth rate of each ALD super
cycle, the total number of ALD cycles was held constant
instead of the film thickness.

The composition of several samples deposited with various
ALD cycle ratios is shown in Figure 1d, where the ALD
sequence of 12(Al,05)-4(LiOH)-4(SiO,) led to a composition
closest to the desired LiAlSiO, stoichiometry. As has been
observed in the synthesis of other complex metal oxides via
ALD, there was not a clear linear trend between the percentage
of each constituent ALD cycle in the overall ALD supercycle
and the corresponding incorporation of that metal cation into
the film. Thus, in the ALD super cycle, a(Al,05)-b(LiOH)-
c(LiOH), the effect of changing a, was not independent of b
and c. This most likely is a result of various incubation times as
well as varying surface reactive sites dependent on the ALD
sequence. For the LiOH component, there was an observed
lithium cation content increase with increasing the LiOH ALD
cycle percentage, but trends associated with Al,O; and SiO,
were found to be more complex. Furthermore, because of the
low atomic sensitivity factor for Li 1s, an error in peak fitting
will produce more pronounced changes in the calculation of
relative composition. XPS spectra of the as-deposited and rapid
thermal annealed thin film deposited with five supercycles of
the ALD sequence of 12(Al,0;)-4(LiOH)-4(SiO,) are shown
in Figure 1. Analysis of the XPS spectra was quantified utilizing
a single peak for each metal elemental orbital (2p;/, and 2p,,
cannot be resolved for Si 2p and Al 2p), where the atomic
sensitivity factors (Li: 0.025, Al: 0.193, and Si: 0.328) vary for
each element orbital. The binding energy correction was made
by setting the C 1s peak associated with sp® carbon to 284.8
eV. In the annealed sample, the Al 2p was found to be at 74.6
eV, Li 1s at 56.0 eV, and Si 2p at 102.5 eV, each corresponding
to what would be expected for their respective oxides. The
composition determined via XPS was Lij 1Al 00Sig 1100.24Co24
with a specific ratio of Lij35Aly40Sig36 close to the desired
LiAlSiO, stoichiometry. The Li/Al/Si ratio was reproducible
within 5% for each metal oxide constituent utilizing the same
ALD cycle ratio. Because of the ex-situ nature of the XPS
measurements, most of the carbon signal is attributed to
adventitious carbon. As can be seen by the high-resolution XPS
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Figure 3. Phi scans of the (a) A-LiAlSiO, (1210) peak and of the (b) Si(400) and LiAlSiO,(2420) with q values of 4.74 and 4.64 A™!, respectively,
all demonstrating four-fold symmetry. Crystal models showing the interfacial epitaxial relationship of -LiAlSiO, on a Si (001) substrate: (c) side-
view and (d) top-view. Light pink circles and bars are visual guides to show the location and direction of the 1-D channels.

scans taken over the C Is binding regions, the as-deposited
films had a large peak centered at 290 eV attributed to surface
lithium carbonate, which was then subsequently reduced
during the RTA treatment. Surface enrichment of lithium was
observed to be more prevalent with increasing film thickness in
the as-deposited samples similar to that observed previously in
the synthesis of Li,Ti,O, thin films by ALD.*" Lithium
carbonate, in the presence of metal oxides, has been observed
to undergo a reaction at elevated temperatures to release CO,
to form lithium metal oxides.””>* This was further confirmed
with angle-resolved XPS of the rapid thermal annealed sample
as shown in Figure S2, where an increase in the relative
composition of carbon was observed as the take-off angle was
reduced from 90 to 30°, corresponding to an increasingly
shallow depth probed via XPS. Upon inspection of the
relationship among the metal cations (Li, Al, and Si), it was
observed that the lithium content increased toward the
samples’ surface, whereas the aluminum and silicon content
decreased uniformly toward the surface.

Initial characterization of the post annealed Li AL Si O thin
films was performed utilizing X-ray diffraction (XRD) Of the
various Li,ALSi,O samples deposited, the sample with the
closest composition to the LiAlSiO, stoichiometry deposited
with a sequence of 12(Al,0;)-4(LiOH)-4(SiO,) showed
diffraction peaks associated with the f-eucryptite phase of
LiAISiO, at 19.4° and 39.3° associated with reflections of the
(1010) and (2020) planes as shown in Figure S2. To further
assess the crystal structure, the 12(Al,0;)-4(LiOH)-4(SiO,)
sample was analyzed via XRD at the 10—2 Beamline at the

Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC
to assess the epitaxial relationship of the LiAlSiO, thin film
with respect to the silicon substrate via specular out-of-plane,
radial in-plane, and various phi scans, where the experimental
set-up is shown in Table S2.

As can be seen in specular scans shown in Figure 2a, the
only reflections observed for the as-deposited film are from the
Si(004) plane as well as one centered at 2.23 A™', which is
most likely the “forbidden” Si(002) reflection. After RTA at
900 °C, several peaks can be observed with the most
prominent peaks at 1.39 and 2.78 A™!, corresponding to the
reflections of the (1010) and (2020) planes of the S-eucryptite
structure. The corresponding d value for the (1010) plane was
4.52 A, slightly less than the literature value of 4.55 A (JCPDS
01—077-0158), indicating compression in the direction normal
to the surface. There were also weaker intensity peaks observed
at 124, 1.61, and 1.76 A~!, which were identified as the (110),
(111), and (020) of the a-Li, _ 3,A1,SiO, phase as reported by
Smith et al,,”> which can be described as an Al-doped Li,SiO,
structure.

In-plane scans of the rapid thermal annealed 12(ALO0;)-
4(LiOH)-4(Si0,) thin film were also taken to determine the
orientation of the crystalline film with regard to the substrate.
As can be seen in Figure 2b, peaks were observed at g = 2.39,
4.64, and 4.78 A™', corresponding to the LiAlSiO,(1210),
Si(400), and LiAlSiO,(2420) reflections. There was an
additional sharp peak at g = 4.49 A™' that is most likely a
signature of some unknown impurity. The corresponding d
value for the (1210) plane was 2.63 A, slightly larger than the
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Figure 4. EIS spectra of two LiAlSiO, samples deposited with a cycle sequence 12(Al,05)-4(LiOH)-4(Si0,) with thicknesses of 20 and 48 nm
corresponding to five and 12 super cycles. The EIS spectra of the 20 nm samples were measured at various temperatures: 115 °C (black), 121 °C
(red), 134 °C (blue), and 153 °C (pink). Each EIS spectrum was fit with an equivalent circuit model consisting of a resistor in series with a resistor
and constant phase element in parallel. Part (a) and (b) present the same data but at different scales in order to illustrate the trends of both

samples.

literature value of 2.62 A (JCPDS 01—077-0158), indicating
slight expansion of the unit cell. An estimate of the grain size
was determined via the Scherrer equation, where the full-width
at half-max was determined utilizing a pure Gaussian fit of both
the LiAlSiO4(2020) and LiAlSiO,(1210), and the shape factor
(b) was assumed to be 0.9. For the out-of-plane peak, the grain
size estimate was calculated at 14.4 nm, whereas the in-plane
peak was found to correspond to a grain size estimate of 26.1
nm for the 20—21 nm thin film. No peaks corresponding to the
a-Li, _ ;,ALSiO, were observed in the in-plane XRD measure-
ments.

Further analysis was performed utilizing a phi scan around
several of the observed reflections in the in-plane direction to
assess the epitaxial relation. First, a phi scan was measured at g
= 2.39 A™! corresponding to the LiAlSiO,(1210) plane as well
as at q values lower and higher in value (g = 2.20 and 2.60
A7), where two peaks separated by 90° were only observed for
the g = 2.39 A" scan although a two-fold symmetry is
expected for the (1210) plane as shown in Figure 3a.
Furthermore, a phi scan was also taken at q = 4.64, 4.78,
5.00 A7!, where the symmetry of the Si(400) and p-
LiAlISi0,(2420) could be assessed. Both the Si(400) and
LiAlSiO,(2420) peaks demonstrated four-fold symmetry (90°)
separation, whereas two-fold symmetry was expected for
LiAlSi0,(2420) as shown in Figure 3b. The observed four-
fold symmetry for both the LiAlSiO,(1210) and LiAl-
$i0,(2420) planes indicated the presence of twinned
structures. Additionally, the peak intensity for the LiAl-
Si0,(2420) peak rotated by 90° was much weaker in intensity,
which could be due to a slight miscut in the Si(001) substrate.
The epitaxial relationship of the crystalline -LiAISiO, to the
silicon substrate was determined to be B-LiAlSiO, (1210)IISi
(100) and B-LiAISiO, (1010)IISi (001) as shown in Figure 3c
and Figure 3d. It would be ideal for the ¢ axis to be normal to
the Si(001) for thin-film battery applications, which would
orient the ion-conduction pathways normal to the electrode
surface, but alternate substrate selection may produce the
desired orientation.

Next, the ionic conductivity of the p-LiAlSiO, solid
electrolyte was characterized by electrochemical impedance
spectroscopy (EIS). Doped Si(001) substrates with a resistivity

of 0.003—0.005 Ohms-cm were utilized as the substrate for EIS
measurements. Characterization of the crystallization of
LiAlSiO, thin films on alternative substrates was beyond the
scope of this study, but choice based on lattice match and
thermal expansion coefficients may produce more optimal film
and interfacial properties. Si was chosen as the substrate in part
because of convenience, but it should be noted that it is a high
capacity alloying anode utilized for lithium-ion batteries.

EIS spectra were taken at several temperatures as shown in
Figure 4a,b for the rapid thermal annealed $-LiAlSiO, with a
thickness of ~20 nm. The EIS spectra were fit with an
equivalent circuit model consisting of a resistor (R;) in series
with a resistor (R,) and constant phase element (C;) in
parallel. At higher temperatures, a second semicircle with a
lower resistance value was observed at lower frequency, and
the spectra were fit with an additional constant phase element
and resistor in parallel. This signature could be due to slight
oxidation of the top Cu electrodes at elevated temperatures.
Most importantly, the larger semicircle, which is characteristic
of ionic transport in the B-LiAISiO, layer, was shown to
decrease in diameter with increased temperature because of
lower impedance. An Arrhenius plot (Log(6;syc) vs 1000/T) is
shown in Figure S4, which was roughly linear over the
temperatures tested with an activation energy calculated to be
0.18 eV as compared to 0.69—0.84 eV as reported by Shin-ichi
et al.” for thin films deposited by pulsed laser deposition and
0.7—0.84 eV reported for amorphous ALD Li ALSiO, thin
films.'”** The markedly lower activation energy most likely is
due to some more complex phenomenon because of
interaction from the Si substrate and the LiAlSiO, thin film
at elevated temperature. One potential cause could be the
transition from an ordered to more disordered structure upon
heating of the sample, causing a reduction in the ionic
conductivity of the LiAlSiO, layer. Additionally, lithium can
alloy with silicon having the potential for there to be an
interfacial reaction layer near the substrate and LiAlSiO,
interface, which may be a masking signature of the ionic
transport of the LiAlSiO, layer at elevated temperatures. This
could have the effect of increased resistance from the interfacial
layer as well as a decrease of the ionic conductivity of the
LiAlSiO, as it is delithiated. A more complex model with an



additional constant phase element in parallel with a resistor can
be fit to the data, where the capacitance of the two layers
would need to be in the same order of magnitude and the
resistance of the interfacial layer would be expected to
counteract the reduced resistance associated with the ion
transport at higher temperatures in the LiAISiO, layer.

A thicker film consisting of 12 supercycles of the 12(Al,0;)-
4(LiOH)-4(SiO,) deposited on p-Si was also characterized by
impedance spectroscopy as shown in Figure 4a,b. The fitted
values correspond to an ionic conductivity of 1.3 X 1077 S/cm,
similar to the extrapolated value for the thinner LiAlSiO,
sample. The extrapolated room temperature ionic conductivity
was in the order of 1.2 X 1077 S/cm, the same order of
magnitude of LIPON-based solid electrolytes synthesized via
ALD."**” In comparison to past results on amorphous ALD
Li,AL,Si,O, thin films with a similar composition
(Lig40Aly3:S1230), the ionic conductivity was found to be
~2 orders of magnitude higher.”> The resistance increase
associated with the thicker film as compared to the thinner 21
nm gives evidence that the measured values are a function of
the film thickness, rather than surface effects. Ultimately, a
conducting, Li-blocking bottom electrode would be more ideal
for characterizing the activation energy and ionic conductivity
of the LiAlSiO, thin films. Furthermore, as the $-LiAlSiO, thin
films tested here are oriented with the c axis perpendicular to
the surface, a more ideal orientation may lead to a higher ionic
conductivity, as $-LiAlSiO, is a known 1-D ion conductor with
its highest ionic conductivity along the c axis direction.”*’

Integration of conformal B-LiAlSiO, thin films into an all
solid-state 3D lithium-ion microbattery does present several
processing and material integration challenges. Depending on
the integration scheme, the choice of an underlayer with an
optimal lattice match and thermal expansion coeflicient would
lead to most optimized orientation and interface, with the
added constraint of the underlayer being a relevant electrode
material for lithium-ion microbatteries. Regardless, the films
exhibiting optimal ionic conductivity in the specific epitaxial
orientation are presented here, where ultimately further
process optimization and material integration may lead to
further improved performance.

Bl CONCLUSIONS

Structural control of LiAlSiO, on silicon was demonstrated by
RTA following an ALD process where a sequence of b(Al—0O)-
a(Li—0)-¢(Si—0) deposition cycle controls the as-deposited
thin-film composition. The crystallization of LASO thin films
depends strongly on the as-deposited composition. It was
determined that thin films formed by a cycle ratio of (a = 12, b
= 4, ¢ = 4) and RTA became epitaxial with respect to the
Si(001) substrate, with the relationship of $-LiAISiO, (1210)ll
Si (100) and pB-LiAlSiO, (1010)IISi (001). Thus, the current
work represents the first attempt to control the orientation of
these 1-D channels in solid-state thin films on silicon. An
extrapolated ionic conductivity of 1.2 X 1077 S/cm was
determined for the crystallized f-LiAlSiO, thin film in which
the 1-D Li-ion channels along the ¢ axis of f-LiAlSiO, were
parallel to the substrate. A properly oriented film offers the
opportunity to achieve higher ionic conductivities.

B EXPERIMENTAL SECTION

The Li ALSi.O (LASO) thin films were deposited by thermal ALD on
Si(001) coupons (1S X 1S mm) with resistivity 1—S Ohms-cm and
0.003—0.005 Ohms-cm for impedance measurements. The silicon

wafers were not pretreated before deposition and therefore had
surface native oxide. The hot wall reactor was operated as described"”
utilizing three organometallic precursors, lithium tert-butoxide
(LiO'Bu), trimethylaluminum (TMA), and TEOS, where deionized
water was utilized as the oxidant. All depositions consisted of the cycle
sequence a(ALO;)-b(LiOH)-c(SiO,), where each deposition was
chosen to begin with Al,O; deposition because of the high reactivity
of the trimethyl aluminum precursor. The deposition temperature for
all depositions was 290 °C. LiO‘Bu was heated to 140 °C, whereas
TEOS and TMA were held at room temperature. Depositions were
performed under constant ultrahigh purity N, flow at an operating
pressure of 120 mTorr. Film thicknesses were quantified via electron
microscopy. All the as-deposited films characterized were amorphous
as-deposited and stored under ambient conditions.

Synchrotron UPS experiments were carried out at the SSRL
(Beamline 8—1 with a photon energy of 140 eV and a pass energy of
29.35 eV) to quantify the composition of LASO. At this photon
energy, the cross-section of Li 1s is ~1000 times lager (0.7 Mbarns)
compared to XPS, thus providing a higher sensitivity.’® The
synchrotron UPS chamber, possessing the capability of in-situ
heating, was used to characterize the surface cation composition in
LASO films as well as the change in cation compositions as a function
of annealing temperature. It should be noted that the as-deposited
samples were stored in ambient conditions for more than 2 weeks
prior to measurement. Samples were annealed in-situ for 10—20 min
prior to UPS measurement, with varying times associated time needed
to reach base pressure in the ultrahigh vacuum chamber.

In addition, postdeposition RTA in N, at 900 °C for 60 s was used
to crystallize the films while minimizing the Li intercalation (1 min
hold 50 °C/s ramp rate). The resulting materials were then
characterized by XRD analysis using a photon energy of 13.5 keV
at SSRL beamline 10—2 with a four-circle diffractometer and a Pilatus
300 K-W silicon hybrid pixel detector (pixel size 172 ym X 172 um,
sample detector distance 1.1 m). The four-circle diffractometer was
used to define the scattering vector q with respect to the thin-film
surface normal with four motors, 8, 20, @, and y, as shown in Table S2
in the Supporting Information. When the sample was oriented
horizontally, specular 6—26 scans were performed to detect peaks
corresponding to planes oriented parallel to the sample surface. Peak
positions along the 26 axis were directly correlated to the interplane
spacing by Bragg’s law. When the sample was oriented vertically, in-
plane 0—20 scans resolve peaks related to planes perpendicular to the
surface. In-plane scans with 6 and 26 fixed for particular peaks and
varying ¢ axis allowed the study on symmetry of the peak and the
capability of determining an epitaxial relationship between the film
and the substrate. Diffraction peaks were then identified by
referencing the Joint Committee on Powder Diffraction Standards
database.

EIS was performed with a HP4284A LCR meter over a frequency
range of 1 MHz to 20 Hz with an input signal of 13 mV. The thin
films were characterized on a heated sample stage (Cascade
Microtech), where temperatures were monitored by a type-k
thermocouple. ALD Li,AlSi,O films were deposited on conductive
Si substrates with resistivity 0.003—.005 Ohms-cm. The thin films
were rapid thermal annealed at 900 °C before top-electrode
deposition. 500 um diameter circular electrodes were sputtered
through use of a shadow mask consisting of 10 nm Ti and 200 nm of
Cu. A portion of the Si coupon was scribed with a diamond scribe;
then, a tungsten probe was brought into contact within the scribe
mark to make contact with the substrate. Tungsten probes were also
utilized to make top contact with the circular Cu pads under light
pressure.
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