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Characterization

Target

The target revealed in X-ray diffractograms the phase of LiTi,(PO4); (JCPDS 00-035-
0754) with a slight peak shift towards higher diffraction angles due to the Al-dopant
concentration of x = 0.56 measured by energy dispersive spectrometry (EDS). This
structure has first been synthesized and studied by Aono et al.' and further analyzed in
respect to its defect chemistry, ion transport mechanism and the effect of secondary
phases with great detail in literature.”? Additional phases in the sintered target were
detected by XRD (see Fig. S1). Especially AIPO,4 appeared in higher amounts in the
target, due to the elevated sintering temperatures causing a high volatility of Li,O.*3
Raman spectra only revealed the LiTi,(PO,4); (LTP) phase (see Fig. S2), which may

result from the high Raman activity of the solid electrolyte in comparison to potential
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secondary phases, with especially AIPO, Raman spectra overlapping in the vibrational

modes of LTP.¢

00-035-0754 LTP
00-011-0500 AIPO,
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Figure S1. X-ray diffractogram of target before laser ablation presented in linear
intensity scale. Corresponding JCPDS files are depicted in the graph. Tentative

assignment of the observed main peaks is color-coded accordingly.

LiTi,(PO,),
LiTi,(PO,), not visible
unidentified

Fig(16)

Intensity [a.u.]

e E T —r T
200 400 600 800 1000 1200
Raman shift [em™]
Figure S2. Raman spectrum of the sintered target. Black and grey labels indicate the

expected vibrational modes calculated, in which black labels appear in the visible



spectrum and grey modes do not appear.” Blue marks could not be assigned to any

vibrational mode and remain as unidentified.

Thin films

Thin films are deposited on Silicon chips (100) of 1x1 c¢cm and an additional SiO,
layer of 100 nm. Either an amorphous SizN, layer of 300 nm is deposited on top or an
additional 10 nm thin Ti adhesive layer for the conductive, poly-crystalline Pt-layer of
80 nm thickness as possible backside contact. For the analysis in NMR, thin films were
deposited also on glassy SiO, substrates. In a preliminary evaluation of the layer
composition, different partial oxygen pressures between 20 — 200 mTorr pO, were
applied and evaluated by means of EDX, revealing the composition to be the most

stoichiometric for layers deposited at 80 mTorr on Si3Ny (see Fig. S3).
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Figure S3. Dependence on the partial oxygen pressure pO,. EDX results in (a) depict
the cation ratio z as function of pO, with the optimum stoichiometric composition z* for
z=2/3.

Annealing slightly improves the surface roughness of the thin films, as shown in Fig.

S4 for AFM images conducted from LATP thin layers deposited on Si;N, substrates



before and after annealing at 800 °C for 5 h. The reason to separate the deposition and
the annealing step is to achieve a low pressure during film growth, that maximizes the
Li content and stoichiometry on the film, and a high pressure during annealing, which
minimizes Li-losses during film rearrangement. The root mean squared surface
roughness Rq are 30+5 nm and 26+6 nm for the as-deposited and the annealed films,

respectively.
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Figure S4. AFM images of the as-deposited (a) and annealed (b) films on Si3Nj,.

The LATP layers reveal a difference in the evolution of crystallinity and crystalline
secondary phases in different substrates, such as Fig. S5 proves for the comparison
between amorphous SisNs; and SiO,, to poly-crystalline platinum by Raman
spectroscopy and XRD. Whereas Raman spectra do not show any additional phases, the
evolution of crystalline TiO, and AIPO, is enhanced on the crystalline Pt substrate, as
X-ray diffractograms clearly show. For glassy SiO, substrates the conduction of Raman

spectra appeared difficult and is therefore neglected in the present work.
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Figure S5. Raman in (a) and XRD measurements in (b) before (AD) and after (A)
annealing at 800 °C of samples deposited on either SizN,, SiO, glass or Pt. Black
vertical lines refer to the undoped LiTi,(PO,); phase in JCPDS 00-035-0754. Secondary
phases are assigned to AIPO, (violet*, JCPDS 00-046-0551), TiO, Anatase (green
triangles, JCPDS 01-083-2243 and 01-076-0649) and the substrate (grey s).

Different temperature treatments and dwelling periods for thin films deposited on
Si3Ny4 and the evolution of secondary phases is analyzed in Fig. S6a using XRD. The
increase in crystalline impurities appears to be the strongest for layers following a slow
annealing up to 900 °C for 1 h (ramp 1° C min’'), whereas treatments at 800 °C for 5 h
or 10 h (ramp 5 °C min’') do exhibit only a small difference in secondary phases or
crystallinity. To further clarify secondary phases, GI-XRD has been collected in Fig.
S6b for thin films as-deposited on SizN, and annealed at 900 °C for 1 h (ramp 1 °C min
1), as well as a LATP thin film annealed on glassy SiO, at 800 °C for 5 h (ramp 5 °C
min!). Clearly the amount of crystalline secondary phases increases with the annealing
and can vary in their composition. Most common secondary phase after annealing is

AlPO, together with different polymorphs and compositions of titania. Further the big



amorphous signal observed from conventional XRD in the theta-2theta arrangement
(see Fig. 2a) for AD and A samples is likely related to the amorphous Si;Ny4 substrates
as the contribution of the substrate should be minimized when measuring in grazing-
incidence. However, some amorphous signal was still observed on films grown on SiO,,
and given the local nature of the amorphous phases present in our films (as shown by
NMR and HR-STEM), XRD is not well-suited to reveal this near-order phases.

| LiTi(PO,), * AIPO, ¥ TiO,- A ATiO,-R ® LiPO, ® Ti 0,

a) | XRD A b) | GI-xrRD w #Si0,
« 1 A A f

— 900°C m}f'K ;":“'\m""'""’“""‘l ‘-\M‘“‘w‘w3WM~'WN\‘.'~MM‘.

:: MM"””’»\W.-»«.».v‘ﬁ»w»ar‘»"”"wpw ‘

.

z v
‘T St W

S 800°C-5h e L

% e e 3 ‘ 3

Mo ' / : AD

;‘a 'WM.“.,H ‘,-! '\.‘.‘;JwM""" / WWW“H\M‘

E Substrate

<

=

b

@]

Z. larget larget

L . | | .' . | . | ‘ I |
10 15 20 25 30 10 15 20 25 30
20 [°] 26 [°]

Figure S6. The effect of different annealing temperatures and dwelling time is
examined by XRD (a) and GI-XRD (b) for thin films deposited on Si;N4 (except for one
layer at SiO, glass). Black vertical lines refer to the undoped LiTi,(PO,); phase in
JCPDS 00-035-0754. Secondary phases are assigned to AIPO, (violet*, JCPDS 00-046-
0551), TiO, Anatase (green triangles, JCPDS 01-083-2243 and 01-076-0649), TiO,
Rutile (blue triangles, JCPDS 01-087-0710), LiPO; (orange circle, JCPDS 00-026-
1177) and rhombohedral Ti,O; (pink circle, JCPDS 01-076-0145). Violet graphs refer
to as-deposited layers, red to a dwelling at 800 °C (ramp 5 °C min!") for 5 h, orange to
800 °C for 10 h and purple to an annealing at 900 °C for 1 h and very slow ramping of 1

°C min!.



Thin lamellas of the layers, as-deposited (AD) and annealed (A) on Si;Ny substrates,
were analyzed in the STEM. The FFTs resulting from the HAADF-HRSTEM images
for AD and A are shown in Fig. S7. A clear change in the crystalline signal becomes
evident when comparing the resulting FFTs of AD images (Fig. S7 (a — c) right) with
the FFTs of A samples (Fig. S7 (d — f) right). The clear poly-crystalline diffraction
pattern seem to disappear after annealing, leaving ambiguous crystalline signals
possibly evolving from single particles, such as visible in Fig. S7e. The formation of an
amorphous material acting as intergranular matrix therefore has been proposed,
providing a weak amorphous signal in Fig. S7 (d — f), possibly overlaying reflections

evolving from the embedded crystalline particles.

Figure S7. HAADF-HRSTEM images with their corresponding FFTs (full frame) of
LATP as-deposited (AD) in (a — ¢) and annealed (A) at 800 °C for 5 hrs in (d — f). The
left column of each presents the HAADF-HRSTEM image, with the corresponding FFT

image to its right.



Impedance measurements were carried out as schematically demonstrated in Fig. S8a
and calculated with the parameters @ as distance between the electrodes, L as their

length and %f for the film thickness measured in the SEM and spectroscopic

ellipsometer.
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Figure S8. a) In-plane impedance measurement between two electrodes: (1) Silicon
chip 1xlcem (100), (2) SiO; layer of 100 nm, (3) Si;N4 layer of 300 nm, (4) deposited
LATP thin film of various thicknesses %f, (5) sputtered gold electrodes, @ as distance
between the electrodes and L for the electrode length. b) Arrhenius plot for the as-
deposited samples at 80 mTorr on different substrates (SizNy, SiO,, STO and MgO).
From the measurements performed as shown in Fig. S8a the thin film resistance
showed a linear Arrhenius-like behavior, leading to the calculation of the ionic
conductivity % of the thin film layer with Eq. S1, where Riatp is the overall resistance of
the active solid electrolyte thin film resulting from the first arc in the Nyquist plot

ranging from 10 MHz to 1 kHz.

1
g =

_ d
Lty (Eq.S1)
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In the Arrhenius plot shown in Fig. 5b and Fig. S8b it is possible to determine the
energy of activation E4 for the overall ionic conductivity in the thin film by using the

Arrhenius relation described in Eq. S2 in its exponential shape.

9=9¢" (Eq.S2)

kg as

Referring to the ionic conductivity ¢ as rate, %0 as pre-exponential factor,
Boltzmann-constant and T as the temperature.

As measurements have been collected in-plane on Si;N, substrates in Fig. 5, the
contributions of grain and GBs are not distinguishable due to the presence of a masking
high capacitance associated to the SiNx in the Silicon substrate. Taking this into
consideration, the first arc in Fig. 5a is related to the overlapped contribution of grain
and GB, 1.e. Riarp = Rg + Rgg, in parallel with the previously mentioned SiNx
dominant capacity (CPEg;). In series with this (RparpCPEg;) element, there is an
additional serial resistance Rs from the electronic contacts. This value appears with a
very small contribution, as the impedance measurements were conducted in a pseudo-4-
wire measurement setup (see experimental details). The second arc appears with a
stronger depression angle of the CPE4 element and further forms a unit with the
inclined spike starting at 100 Hz referring to a Warburg element Zet describing diffusive
processes during the charge-transfer (ct). The model for the second arc therefore results
in a so-called Randles equivalent circuit, summarizing the electrode-electrolyte or
electrolyte-substrate interface ion-blocking processes, which can potentially result in an
inter-diffusive lithium intercalation layer.®'0 In addition to Si;N, substrates, LATP
layers were grown on different substrates (STO, MgO and SiO,) and measured by EIS
in-plane. The resulting Arrhenius plot is shown in Fig. S8b, resolving very similar

activation energies and ionic conductivities for the as-deposited layers.



Observing different measurements of the same sample deposited on SizN, in Fig. S9
over a long time range before and after heating up to 450 °C, there was no evidence of
degradation due to humidity or temperature in the thin film influencing the ionic
conductivity negatively, but anyway the sample appeared to be sensitive. The first arc
attributed to the solid electrolyte, its overall ionic conductivity showed inconsistent but
negligible changes, whereas the diffusion-controlled processes described by the Randles
circuit varied over different heating and cooling cycles. As there is no visible trend
evident and variations appear random, a systematical degradation of the material was
not observable. But to exclude the possibility of surrounding humidity, all
measurements were collected cooling down. There has been reports of instabilities
without evident impact on the ionic conductivity, but accelerating degradation in any
case, as formerly observed in LATP bulk materials for the stoichiometry especially at

grain boundaries.!!
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Figure S9. Impedance measurement in air at 200 °C at the annealed sample deposited
at 60 mTorr.
In total the additional heat treatment after annealing leads to higher ionic

conductivity, an increase in the pre-exponential factor %0 and a lower activation energy



Exas conducted from the Arrhenius plot for all samples between 20 mTorr to 140 mTorr
oxygen partial pressure in Fig. S10. The pO, dependence and therefore the influence of
stoichiometry are correlated, in which samples deposited at 80 mTorr and 700 °C
improve the most between as-deposited and annealed samples and their ionic

conductivities and activation energies.
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Figure S10. Dependencies for the ionic conductivity on the P03 and temperature are
plotted as Arrhenius plot in for as-deposited (empty symbols) and annealed (full
symbols) samples after an heat treatment at 900 °C for 1 h (ramp 1 °C min™'). The
deposition at 80 mTorr reveals the highest sensitivity towards annealing, with an
increase from 0.71 eV AD to 0.32 eV A.

Different annealing temperatures and dwelling periods have been explored for thin
films deposited on Si3N4 at 80 mTorr pO,, as demonstrated in Fig. 6. In order to verify
the thin films reproducibility for different as-deposited and annealed layers under
comparable conditions, the X-ray diffractograms and Arrhenius plot are shown in Fig.

S11. Samples appear to be reproducible, especially as-deposited, supporting the great



stoichiometric control provided in the PLD. Slight differences in the annealed samples
can be attributed to minimal variations in the temperature gradients inside the furnace
and surrounding conditions, leading to minor variations in the presence of various
secondary phases. No significant difference in the electrochemical performance for the
layers annealed between 800 — 900 °C could be deduced from the Arrhenius plot in Fig.
S11b. This led to the conclusion to fix the annealing at the minimum temperature with a
maximum increase of ionic conductivity at room temperature, which appears to be the

annealing at 800 °C for 5 hrs in air.
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Figure S11. X-ray diffractograms (a) of as-deposited (AD) and annealed (A) samples
at different annealing temperatures are shown under reproduced conditions. Subscripts
for AD samples indicate their date of deposition by the PLD. In (b) their corresponding
ionic conductivities are provided in the Arrhenius plot.

The electrochemical impedance measurements across-plane on LATP thin films as-
deposited (AD) and annealed (A) are shown in Fig. S12 for spectra collected at 30 °C in

ambient air. Layers were deposited on Pt-covered Si-substrates and are about 466 nm



in thickness. EIS measurements across-plane were conducted on gold-microelectrodes

of 300 um diameter fabricated on top of the LATP layers.
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Figure S12. Cross-plane EIS measurements for as-deposited (a) and annealed (b)

LATP thin films. Squares indicate the data points collected at different frequencies,

lines indicate the corresponding fit with equivalent circuits (see inset in (a)).

To further test battery related electrochemical properties, we carried out measurements

of the electrochemical stability window of our LATP films (Figure S13). Measurements

were assembled inside an Ar-filled glovebox in an electrochemical cell filled with a

liquid electrolyte (LiPFs EC/DMC), containing Li counter and reference electrodes in a

standard three-electrode setup. Cyclic voltammetry was then performed on the LATP

films on top of Pt in across-plane configuration. It is clearly seen that the

electrochemical stability window of our films is in the range of 2.8-4.5 V, in good

agreement with literature values,'”!® making them compatible with high voltage

cathodes.
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Figure S13. Electrochemical stability window of LATP films by cyclic voltammetry in

an organic electrolyte at ImV/s in across-plane configuration.

We have tracked the thickness of every film that has been grown via Ellipsometry and
further confirmed by SEM. In the following graph, we show the thickness for different
batches of as-deposited and annealed keeping constant the number of pulses (36000) of
the deposition. One can see that there are no significant changes in the thickness

between the as-deposited and annealed, especially at the pressure of interest, 80 mTorr.
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Figure S14. Electrochemical stability window of LATP films by cyclic voltammetry in

an organic electrolyte at ImV/s in across-plane configuration.
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