Highlighting a study on the fabrication of highly
conducting LATP solid-state electrolyte thin films by a
group of researchers led by Dr Valerie Siller, Dr Alex Morata
and Prof. Albert Tarancén from the Catalonia Institute for
Energy Research.

High performance LATP thin film electrolytes for
all-solid-state microbattery applications

LATP thin films fabricated by Large-Area Pulsed Laser
Deposition show ionic conductivities up to 0.1 mS-cm™ at
room temperature by engineering phases segregated

at the grain boundaries during a controlled thermal
annealing. The exceptional electrochemical properties

of these films can ease the integration of next-generation
solid electrolytes in solid-state architectures.
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The NASICON superionic solid electrolyte Lij Al Ti>_(PO4)3 (LATP) with 0.3 = x = 0.5 remains one of the
most promising solid electrolytes thanks to its good ionic conductivity and outstanding stability in ambient
air. Despite the intensive research for bulk systems, there are only very few studies of LATP in a thin film form
(thickness < 1 um) and its implementation in all-solid-state batteries and microbatteries. The following study
fills this gap by exploring the properties of high performance LATP thin films fabricated by large-area Pulsed

1

Laser Deposition (PLD). The as-deposited thin films exhibit an ionic conductivity of around 0.5 uS cm™ at

room temperature (comparable to the state-of-the-art of LIPON) which increases to a remarkably high
value of 0.1 mS cm™! after an additional annealing at 800 °C. A possible cause for this significant
Received 9th April 2021 Lo - . . . )
Accepted 24th June 2021 enhancement in ionic conductivity by two orders of magnitude is the formation of a glassy, intergranular
phase. The performance of both as-deposited and annealed LATP films makes them suitable as solid

DOI: 10.1039/d1ta02991f electrolytes, which opens the path to a new family of stable and high performance all-solid-state thin
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T Electronic supplementary information (ESI) available: XRD and Raman data on
the target for PLD depositions; EDX analysis of LATP thin films deposited at
different pO,; AFM images of the as-deposited and annealed thin films on
SizN,; XRD and Raman data for thin films of LATP deposited on Si;N,, SiO,
glass or Pt layers in comparison before and after annealing; XRD and GI-XRD of
layers as-deposited and annealed at different temperatures; HAADF-HRSTEM
images of AD and A samples and their corresponding FFTs; calculation of
conductivities and the Arrhenius equation; in-plane impedance spectroscopy
scheme for thin films; Arrhenius plot of different LATP electronic contributions
identified on different substrates; degradation study for impedance
spectroscopy on the LATP thin film; Arrhenius plot for pO, dependent ionic
conductivity study for LATP thin films as-deposited and annealed; XRD and
Arrhenius plot of AD and A with various T-treatments to show reproducibility;
Nyquist plots of EIS cross-plane measurements and the corresponding
equivalent circuit; electrochemical stability window of LATP. See DOI:
10.1039/d1ta02991f
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Introduction

Electrochemical storage devices have experienced a fast prolif-
eration over a broad variety of applications including trans-
portation and portable electronics, dominating the research in
this field over the past few decades. As a matter of fact, energy
storage represents a main constraint for the full development of
the constantly rising capabilities and demands for sustainable
energy, electric vehicles and electronic devices, such as tablets
and smart phones. Major requirements for those technologies
are application dependent, but all share the necessity for high
power densities and capacities, high peak currents, a long term
stability together with increased safety and environmental
friendliness." While storage on a larger scale will play a key role
in the future mobility, as well as in domestic and industrial
power supplies, the use of miniaturized devices is going to face
an exponential growth, mainly boosted by the so-called Internet
of Things (IoT). Billions of portable micro-devices, such as
autonomous micro-electromechanical systems (MEMSs), wire-
less micro-sensors and transceivers, or implantable health
monitoring devices will require proper power supplies.>* All-
solid-state miniaturized batteries and supercapacitors with
a compact shape and light weight are therefore essential for
enabling high energy densities along with high stability and
safety, as the hazards and physicochemical limitations of liquid
electrolytes can be eliminated by utilizing solid electrolytes.>>¢
The realization of all-solid-state batteries to replace common Li-
ion batteries based on liquid electrolytes is still dependent on

This journal is © The Royal Society of Chemistry 2021
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the development of feasible solid electrolyte materials of high
ionic conductivity (107> to 107> S em™") near room tempera-
ture.”” LiPON usually is the material of choice in thin film solid
electrolytes.® Although it lacks fast ionic transport at room
temperature (10 ® S cm™ "), as a thin film of less than 1 pm
thickness it can reach an area specific resistance (ASR) of 10 Q
cm?” and below.>'® Unfortunately its purely amorphous nature
reduces its stability when exposed to high temperatures,
limiting its implementation in devices fabricated or operating
at high temperatures.”' In contrast, crystalline electrolytes can
withstand much higher temperatures and overcome these
limitations.®

Among the strongest candidates to replace LiPON thin film
technologies, Li garnets are attracting worldwide interest.™
Only very recently, Li-garnet films have achieved competitive
values of ~10™* to 107> S cm ™}, attributed to the stabilization of
the fast-conducting cubic phase by adding extra lithium during
physical vapor deposition, by either Li;N** or Li,O" layers.
However, the extreme sensitivity of the films upon exposure to
ambient conditions has hindered its device integration. In
contrast, other materials, such as LISICON or NASICON
compounds, have received a lot of attention thanks to their high
environmental and electrochemical stability and ionic
conductivity, which can reach values as high as 107> to
107* $ ecm '.* The NASICON structure in particular attracts
much interest, as it may serve as a solid electrolyte or potential
electrode material upon its high adaptability in material
composition, providing chemically and thermally stable mate-
rials of low electronic conductivity.'®"” Fast ionic conduction is
enabled by differently coordinated Li occupation sites forming
a three-dimensional network of mobility channels,*®'* leading
to lithium diffusion coefficients as high as 1.4 x 10~"" and 1.2
x 1072 m® s7'.2° The ionic conductivity is determined by the
areal size of vacant triangles (formed by oxygen atoms between
corner-sharing MOy octahedra and XO, tetrahedra), consti-
tuting the “bottlenecks” in the conduction channels respon-
sible for charge transfer limitations in the bulk. With the partial
replacement of tetravalent M, , transition-metal ions with
trivalent M, cations, the “bottlenecks” can be broadened and
the connecting oxygen ions are differently polarized, both
acting as a possible source for accelerating ionic conduction for
the interstitial ions.* In LiTi,(PO,); the partial replacement of
Ti*" with AI** leads to a notable increase in ionic conductivity up
to 107" S em™ ' and electronic conductivities as low as
107'° S em ™! at room temperature, therefore defining Liy.,Al,-
Ti, »(PO,); (LATP) as a feasible solid electrolyte for all-solid
state batteries.*>*®

Of more general importance is the problem of the multiple
interfacial contact resistances evolving from grain boundaries
within each of the cell components and at the solid-solid
interface between the electrodes and the electrolyte.”*** In this
respect, physical vapor deposition techniques can offer a good
control of the layer properties, unbeaten so far by any other thin
film deposition technology, while still providing industrial up-
scaling capabilities.” Among them, Pulsed Laser Deposition
(PLD) has become a popular choice to produce dense and highly
oriented thin films (<1 pum) of high quality, uniformity and
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smooth surfaces, offering better stoichiometric transfer than
sputtering from a variety of applicable target materials.***” Its
high potential to resolve interfacial issues at the electrode-
electrolyte interface, dominating the overall electrochemical
performance of all-solid-state batteries, has been predicted as
a relevant technology in commercialized thin film microbattery
fabrication for more than a decade by Xia et al*® and it is
established as a well-suited deposition technique for a broad
range of battery materials.>*® Furthermore, we use a scalable
Large Area (LA) PLD setup allowing depositions up to 4" wafers.
NASICON-type A,M,(XO,); glass ceramics for the deposition in
PLD have been first realized for sodium rechargeable battery
systems with Na' occupied A-sites.’® While past studies have
explored Li-based NASICON thin films through a variety of
deposition techniques,>*'~** only very recently the first layers of
Li.+xALTi, (PO,); were fabricated by PLD, although electro-
chemical performance was not presented.*

Despite the thorough structural characterization conducted
in the aforementioned work and the excellent ionic conductiv-
ities reported for sputtered amorphous LATP films,** the elec-
trochemical performance of partially crystalline LATP thin film
electrolytes and the role of grain boundaries and their local
environment in the ionic conduction of such films have never
been reported so far. Herein we demonstrate for the first time
LA-PLD to form thin and dense NASICON based films of Li;,~
AL Ti, ,(PO,); of around 500 nm and propose strategies to
increase the performance of the as-deposited films by a factor of
100, reaching conductivity values up to 0.1 mS cm™'. The
proposed procedure is based on lattice rearrangement and
partial amorphization by controlling post-annealing
conditions.

Experimental section

A dense pellet working as a PLD target has been fabricated by
solid-state reactions. Prior to the reaction, the precursors
Li,CO; (99.997% Sigma Aldrich), Al,O; (99.999% Sigma
Aldrich), TiO, (99.999% Sigma Aldrich) and NH,H,PO,
(99.999% Sigma Aldrich) were first dried to remove moisture
and then weighed in a stoichiometric ratio to obtain x = 0.5 for
Li; AL Tiy (PO,)s3, including an excess of 10 wt% Li,CO3 to
balance eventual Li loss during heat treatments. After thorough
mixing and grinding in a mortar, the powder was milled with
zirconia balls and slowly calcined at 650 °C and at 900 °C, with
repeated grinding and milling steps in-between. The reacted
powder was cold-pressed into a pellet of 3" diameter and finally
sintered at 1000 °C.

Thin films were deposited using a LA-PLD-5000 system from
PVD products using a Coherent (Lambda Physik) COMPex PRO
205 KrF excimer laser (wavelength A = 248 nm, pulse duration
20 ns, maximum pulse energy of 700 mJ, and maximum repe-
tition rate f= 50 Hz). The partial oxygen pressure pO, was fixed
at 80 mTorr with a 5 sccm oxygen flow and a substrate
temperature of 700 °C. Depositions were carried out under
constant rotation of the target and substrate, with a fixed
distance of 90 mm between them. The average laser fluence was
set to 1.4 ] cm™ 2. The fabricated layers were 440 + 20 nm thick
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without significant changes after annealing (Fig. S14t). Post-
annealing was carried out in a conventional Hobersal TR-
25MFF furnace in ambient air, reaching temperatures
between 700 and 900 °C under ramping of 1-3 °C min ' and
a subsequent dwelling of 5-10 h.

Different substrates (with the lateral dimensions of 1 x 1
cm) have been applied according to the needs of the different
characterization methods carried out on the films. For the
collection of SEM images, X-ray diffraction, STEM analysis and
in-plane electrochemical impedance spectra the substrates
consisted of chips cut from a (100) Si-wafer covered on both
sides in 100 nm SiO, and 300 nm Si;N,. For electronic cross-
plane measurements and for improving the Raman signal of
the thin films, Si;N4|SiO,|Si-wafers were covered with a thin
sputtered Pt layer of 80 nm, with 10 nm Ti as an adhesive
intermediate layer in-between. In order to conduct solid state
NMR analysis, the LATP thin films were deposited on glassy
SiO, substrates. Deposition and annealing conditions were kept
the same for all substrates. Further details about the charac-
terization on different substrates can be found in the ESL{

Scanning electron microscope images were collected using
a ZEISS AURIGA equipped with a 30 kV Gemini FESEM column,
an energy dispersive spectroscope (EDS) and an InLens
detector. Topographic images were taken with a XE15-AFM
from Park Systems, operating in tapping mode with a non-
contact micro-cantilever of type OMCL-AC160TS from
Olympus at a frequency of 292.21 kHz. Further structural
analysis was performed by using an XRD Bruker-D8 Advance
equipment utilizing Cu-Ka radiation (1 = 1.54184 A), a Ni filter
and a Lynx Eye detector. For better resolution of the most
intense characteristic peaks resulting from the LATP lattice at
lower angles, the measurements were conducted in a 26 range
of 18-32° with a step size of 0.01°. Additional diffractograms
specialized in the analysis of thin films were obtained using
a grazing incidence (GI) X-ray diffractometer with an incident
angle w of the beam between 0.33° and 0.40° at the Scientific
and Technological Center (CCiT) at the University of Barcelona.
Raman spectra were collected using a HORIBA Scientific
iHR320 monochromator equipped with a HORIBA Syncerity
CCD (1024 x 256, pixel size 26 pum x 26 um) and a laser at A =
532 nm (green), providing a spectral range between 100 and
7700 cm™" (gratings available are 600, 1200 and 1800 lines per
mm).

MAS-NMR measurements were performed using a Bruker
Avance III 500 MHz (11.7 T) spectrometer operating at Larmor
frequencies of 500.24, 194.41 and 130.35 MHz for "H, “Li and
*7Al respectively. Thin films of LATP deposited by LA-PLD on
SiO, glass substrates were employed in this experiment to avoid
the complexity of multi-layered Si|SiO,|SizN, substrates. Both
the as-deposited and annealed films at 800 °C for 5 h were
ground to powders and packed in 2.5 mm rotors. These films
showed the same structural and electrochemical features as
those deposited on SizN,. The MAS frequency was set to 20 kHz
for all measurements. References for the “Li and *’Al spectra
consisted of 0.1 M LiCl and AI(NO3);. Single pulses were applied
in all cases with non-selective /2 pulse durations of 2.3 us for
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?’Al and 2.4 ps for “Li. DMFIT software was used to reconstruct
and simulate the spectra.

Thin film lamellae (40-50 nm thickness) of the as-deposited
and annealed LATP thin films on Si;N, covered substrates were
prepared across-plane with a Ga-ion FIB (FEI Dual Beam Helios
NanoLab 600). STEM experiments were carried out using
a probe aberration corrected Titan (Thermo Fisher Scientific)
equipped with a high-brightness field emission gun operating
at 300 keV. Additional EDS and EELS have been conducted
using the STEM mode (spectrum-imaging acquisition®”), mini-
mizing possible damage to the material structure by the elec-
tron beam.

In order to determine the LATP thin film ionic conductivity
and activation energy, temperature dependent electrochemical
impedance spectra were collected using a Linkam LTS600 probe
station performing in-plane and cross-plane measurements.
Rectangular, parallel gold electrodes for in-plane measure-
ments have been sputtered with a shadowmask at IREC facili-
ties. Circular gold micro-electrodes of 300 um diameter and
a 10 nm thin adhesive layer of Ti have been fabricated using
lithographic techniques at the Institute of Microelectronics of
Barcelona IMB-CNM, in order to perform electronic cross-plane
measurements. Gold electrodes have been connected through
two tungsten tips in a pseudo-four-probe configuration, elimi-
nating the resistance of the measurement wires. AC measure-
ments were controlled with a Novocontrol Alpha-A impedance
spectrometer with a ZG4 electrochemical interface and
collected in a frequency range of 40 MHz to 100 mHz and
a perturbation voltage of 100 mV with zero bias. All conductivity
experiments were performed in a dry gas mixture of 79% N, and
21% O,, with maximum temperatures below 500 °C, in order to
limit material degradation and probe station contamination.®®
In order to exclude the influence of surrounding humidity, all
measurements were collected by ramping down from high to
low temperatures. The final fitting of the impedance spectra was
carried out using ZView software with suitable equivalent
circuits.

Results and discussion

The structure and composition of the target have been
confirmed to exhibit LiTi,(PO,); in the NASICON phase, based
on the analysis performed with XRD and Raman spectroscopy
(see ESI Fig. S1 and S2t), indicating AIPO, as the common
secondary phase appearing after increased sintering tempera-
tures.** A slight peak shift of the LTP pattern in X-ray dif-
fractograms towards higher 26 angles indicates the
intercalation of the Al dopant, forming Li; Al Ti, (PO,); with
0.3 = x = 0.5. For the LA-PLD depositions of the films, first we
optimized the oxygen partial pressure during deposition and
found that a stoichiometric composition of the as-deposited
layers is achieved at 80 mTorr (Fig. S31). Second, a thorough
study of the ionic conductivity of the films as a function of the
annealing temperature and dwell time was carried out, result-
ing in conductivities as high as 0.1 mS cm ™" under the optimal
conditions through a highly reproducible and robust procedure
(discussed in detail in the last section of this manuscript and in

This journal is © The Royal Society of Chemistry 2021
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the ESIT). Following this reasoning, we exemplify next the key
factors governing the 100 times increase in the ionic conduc-
tivities between the best annealed films and their as-deposited
counterparts. Thin films have been studied as-deposited (AD)
at 700 °C and post-annealed (A) at 800 °C for 5 h in ambient air,
using silicon single-crystalline chips with Si;N, as the amor-
phous top layer, and glassy SiO, or Pt-covered Si-substrates,
with a great stability at elevated temperatures. The resulting
microstructure was studied by STEM and compared with
images collected in SEM (Fig. 1).

The microstructure of the AD layer appears rugged on its
surface but locally compact across the layer, mainly consisting
of very fine nano-crystallites embedded in larger particles
(Fig. 1a and b) with a surface roughness of R; ~ 30 & 5 nm, as
shown by the corresponding AFM image (Fig. S4at). After
annealing, small particles are approximately homogeneously
distributed within a dense matrix with a more compact surface
(Fig. 1c and d) and a similar morphology with Rq ~ 26 &= 6 nm
(Fig. S4bt). The crystal structure of both as-deposited and
annealed thin films is confirmed to be LATP with only small
amounts of secondary phases visible by means of XRD and
Raman spectroscopy, as shown in Fig. 2.

Upon annealing, diffraction peaks become sharper, indi-
cating the growth of crystallites in the layer, in accordance with
the STEM images in Fig. 1a and c. Some impurities appear to be
present especially after annealing, as shown by the small peak
at 21.6° indicating the presence of AIPO.* GI-XRD revealed
additional crystalline impurities, mostly consisting of rutile
TiO, (see Fig. S6bt). Raman spectra (Fig. 2b) confirm the pres-
ence of the anatase TiO, phase (strongest visible vibrational
mode at 140 cm™'), for both as-deposited and annealed
samples, with a notable increase in the relative intensity for the
latter. The increased intensity of the XRD peak at 25.4° is
compatible with the appearance of anatase TiO,, although this
point cannot be confirmed as it is overlapping with the (113)
peak of LATP. The appearance of these minor secondary phases
is in concordance with the literature, in which the formation of
TiO, is reported as a result of lithium loss during the annealing
at elevated temperatures above 750 °C.** Also, it was reported
that the lattice transformation of rhombohedral LATP to
orthorhombic AIPO, upon the suspension of Ti appears at all
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temperatures above 500 °C with an increasing fraction for
higher and longer temperature treatments.*®** However, it is
important to remark that for our films the appearance of TiO,
correlates with the formation of AIPO,, as both are detected in
the annealed films. The broad scattering hump present in the
background signal of the X-ray diffractograms in Fig. 2a results
most likely from the amorphous Si;N, substrates. However, GI-
XRD (Fig. S6bt) could not unambiguously determine the pres-
ence or absence of amorphous phases, especially in the
surroundings of the LATP crystallites.

We now take advantage of high-resolution spectroscopy
techniques to understand the local environment of Al- and Li-
site occupation and their coordination in the lattice. Solid
state NMR was performed on glassy SiO, substrates for as-
deposited and annealed thin films and spectra are shown in
Fig. 3 for the Al and “Li chemical shifts. The spectrum of *”Al-
MAS-NMR recorded for the as-deposited layers in Fig. 3a
consists of a non-resolved, broad contribution in the range of
0 = —40 to 60 ppm, in accordance with the previously reported
coordination environments of AlO, in the literature.”” As is
common for LATP in the NASICON structure, one would expect
a chemical shift 6 at —15 ppm to appear for aluminum in the
octahedral coordination forming AlOg, but instead a predomi-
nant chemical shift for AD appears at 6 = 15 ppm, ascribed to
five-coordinated AlOs and related to an amorphous environ-
ment."®** In addition the signal resolved at ¢ = 40 ppm can be
ascribed to the tetrahedral coordination of AlO, in the AIPO,
secondary phase, which exhibits a strong increase after
annealing of 20% proportionally to the full *’Al-MAS-NMR
spectrum. A crystalline phase of AIPO, might appear as
a result of lithium loss upon annealing, matching previous
observations from XRD. In addition, the intensity of the peak at
0 = 40 ppm and the broadness of the Al signal in Fig. 3a support
the idea of amorphous AIPO, phases being locally present in the
annealed layers.*®

With respect to the “Li spectra (Fig. 3b), the main peak at 6 =
—2.5 ppm in the as-deposited films can be attributed to the
preferable occupation of Li ions at the six-fold coordinated Li1l
sites in the NASICON structure of LTP with good Li-ion
mobility.?® After annealing the ’Li signal appears slightly
broadened with a full width at half maximum of 3.9 ppm vs.

Fig. 1 STEM dark field images collected for the as-deposited (a) and annealed (c) thin films in the cross section of the layers with a thickness
around 445 nm. SEM images from the surface of the same layers AD in (b) and A in (d). The white bar at the bottom lower left equals 200 nm.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Structural analysis of LATP for AD and A thin films with respect to the target signal (a) by XRD and (b) by Raman spectroscopy. References
for XRD correspond to Li;Ti(PO4)3 (JCPDS 00-035-0754), AIPO,4 (JCPDS 01-072-1161), anatase (JCPDS 01-073-1764) and rutile (JCPDS 01-078-
1510), as well as Raman spectra with corresponding LTP? and anatase* (b) for equivalent layers deposited on Pt (compare to the signal on SizN4

substrates in Fig. S5at).

1.9 ppm for the as-deposited. This is consistent with lithium
displacement in phases different from NASICON compounds
(e.g. phases enriched with Li and P) and an increased amount of
material amorphization.*®*** A second ’Li signal at 6 = 0 ppm
usually appears for occupied Li3 sites as an indication for the
incorporation of Al in the LATP structure.”>** We hypothesize
that the absence of such a sharp peak here could support the
idea of amorphous Al-rich phases being present in the films.
Local disorder in the LATP cannot be fully excluded, although we
judge this scenario as unlikely due to the sharper LATP peaks
observed in the XRD and Raman patterns of the annealed films.

Next, we performed HR-STEM dark field imaging and EELS
mapping to understand the local chemical distribution. The AD
films present initially a homogeneous distribution of elements,
with titania (Fig. 4a and b) particles or grains embedded in
a remarkably dense matrix of LATP. This is consistent with our
previous observations from XRD and Raman, where the main

AlIS~15
Al6~- 15

Al4~40

peaks and bands detected correspond to LATP with only minor
phases of TiO,. The strong rearrangement in elemental distri-
bution upon annealing (Fig. 4c) shows a segregation between
particles and their surrounding intergranular matrix. Different
mechanisms appear to dominate the redistribution. First, Al-
rich areas appear to be proportionate with the Ti intensities
for the majority of the observable area. This relatively high
concentration of Ti and Al inside the particles is attributed to
the presence of LATP. A clear enrichment of Li outside the
crystalline particles can be assigned to the sufficient intercala-
tion of both Li and Al dopants inside the NASICON lattice.
Hence, the remaining Li is enriched outside the particles, i.e., at
the intergranular domains, ensuring good Li" mobility across
the film.

A closer look at the annealed samples by HR-STEM (Fig. 4d
and S77) reveals that crystalline particles are embedded (colored
regions corresponding to the colored circles and the related
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Fig. 3 Solid state NMR spectra from as-deposited and annealed thin films on SiO, substrates with the chemical shifts observed from (a) 2’Al-
MAS-NMR and (b) “Li-MAS-NMR. Experimental curves have been fit (black lines) and possible assignments are indicated by vertical lines for the

purpose of illustration.

17764 | J. Mater. Chem. A, 2021, 9, 17760-17769

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta02991f

Open Access Article. Published on 12 July 2021. Downloaded on 1/12/2026 12:55:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry A

Fig.4 STEM dark field images of the thin films (a) AD and (c) A, with their corresponding EELS elemental maps. The HAADF-HRSTEM image in (b)
for the AD layer shows a crystalline TiO, particle embedded in the polycrystalline LATP matrix, followed by the corresponding FFTs of the marked
regions-of-interest (1 and 2). In (d) the HAADF-HRSTEM image of A is shown with LATP crystalline particles embedded in an amorphous matrix,
supported by the corresponding FFT of (1) the full frame image and (2) the magnification of the marked area of interest at the bottom of the layer
with the corresponding LATP indexed planes. The only crystalline signals appearing in the FFT are colored (circular shapes) in the displayed

HAADF-HRSTEM image.

indexed planes) with reflections in the FFT corresponding to
interplanar distances for LATP crystallites, evidencing their
high crystallinity. It is worth mentioning that only the colored
regions showed some crystalline signal. In this sense, the weak
amorphous signal of the intergranular matrix (perhaps more
evident in Fig. S7et) is masked by the high crystallinity of the
embedded particles. Consequently Fig. 4c and d conclude that
the grains primarily consist of LATP in a crystalline phase, with
small amounts of crystalline LTP and an intergranular glassy
phase being present, enriched in Li, P and O, consistent with
the EELS elemental maps.

The compositional character of the amorphous matrix has
been previously investigated in bulk materials, where excess in
phosphorus drives to the formation of Li;PO, and P,0Os, or even
LiTiPOs, acting as the sintering aid and therefore improving
densification and the contact area between domains of different
orientations.*>* In the films presented in this work, the clear
signal of Al also in the glassy phase might indicate that even
amorphous AIPO, can be partially present.*® The appearance of
glassy phases around crystallites has been reported already in
the first studies by Aono et al. on the replacement of Ti** with
trivalent M*" cations in the Li;,,M,Ti,_,(PO,); matrix. Hence,
secondary phases segregate near the grain boundary of surplus
elements, leading to a better densification of the material and
an improved ionic conductivity. This mechanism is frequently
observed in bulk materials, but has not been reported to such

This journal is © The Royal Society of Chemistry 2021

an extent in thin films. In summary, we were able to identify
a complex nanometric landscape of minor secondary phases
(e.g. titania) coexisting with the main crystallites of LATP
embedded in an intergranular glassy matrix enriched by Li, P
and O and some Al upon annealing at 800 °C. Extensive
modeling tools as the ones recently proposed for LIPON**** are
required to fully understand the nature of the intergranular
glassy phase. It is worth mentioning that similar phenome-
nology has been observed in Al-doped LLZO films, where Al was
suggested to play a triple role as a sintering agent (decreasing
crystallization temperature) and as a stabilizer of the highly
conducting cubic phase and appears accumulated in amor-
phous domains at the grain boundaries.* In the LISICON
family, recent reports have also suggested the presence of
nanocrystals in an amorphous matrix under certain condi-
tions.®* Amorphization has also been studied in this family as
a strategy to improve ionic conductivity.*

The ionic conductivity of the fabricated LATP thin films was
evaluated at different temperatures by means of EIS. Fig. 5
shows the Nyquist plots collected in-plane for a layer as-
deposited and annealed (a), with the corresponding Arrhenius
plot for in-plane and across-plane conductivity measurements
(b). The insets in (a) show the equivalent circuit (top inset, see
the ESIf for detailed explanation) as a model for the fitting
procedure and the corresponding measurement setup (central
inset below, see Fig. S8at for further description).
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Fig. 5 Data (symbols) and fitting (lines) of representative Nyquist plots are shown in (a) with the schematic in-plane measurement setup (center)
and equivalent circuit in the inset (top) for the as-deposited sample (measured at 400 °C) and the annealed sample (measured at 150 °C) in air.
The resulting Arrhenius plots for the overall conductivities of the AD and A thin films are compared in-plane (empty symbols) and across-plane
(filled symbols) in (b) to a polycrystalline (C) and bulk (B) sample of LAg sTPc_g (x = 0.3)** including overall grain and grain boundary contributions,
an amorphous bulk sample LATPA_g (ref. 44) and a thin film (TF) of amorphous character produced by RF magnetron sputtering LATP_1¢.32
Additional reference is made to LIPONa_t¢ amorphous thin films deposited by RF sputtering.>*

The profile of the Nyquist plots collected before and after
annealing in Fig. 5a has been reported previously in connection
with amorphous materials of similar stoichiometry to LATP,
with stronger similarity to Li,O-Al,05-TiO,-P,0O5 glass after
annealing.** Hence the equivalent circuit indicates with the first
R-CPE element the resistance of the LATP crystalline phase and
its grain boundaries, whereas the second contribution in series,
the so-called Randles circuit, usually is attributed to diffusion
processes at ion-blocking domains.> The first arc is attributed
to LATP and the corresponding ionic conductivity ¢ was calcu-
lated as described in eqn (S1).T The Arrhenius plot shown in
Fig. 5b demonstrates a 100 times enhancement of the overall
ionic conductivity after annealing. For the AD films, Li-ion
conductivities at room temperature in the order of
10°°® S em™! are found. In contrast, annealed LATP films
present an increase of orders in magnitude, reaching values of
107" S ecm™'. The activation energy E, calculated from the
Arrhenius equation (see eqn (S2)}) for the Li-ion hopping
mechanisms greatly improves upon annealing, changing from
a charge transfer likely dominated by grain boundaries with
0.53 4+ 0.01 eV in the AD films, to values approaching charac-
teristic activation energies for bulk (grain) LATP of 0.37 +
0.02 eV in-plane for the annealed films (Fig. 5b).** The ionic
conductivities demonstrated in our work exceed the best values
of any LATP thin film reported so far to the best of our knowl-
edge.’ The highest value reported to date is for a purely amor-
phous layer of Li-Al-Ti-P-O deposited through RF magnetron
sputtering by Chen et al.** reaching E, values of around 0.32 eV
and ionic conductivities of about 10™* S em ™. In favor of a more
realistic device configuration, the electrochemical performance
of LA-PLD deposited and annealed LATP films across-plane was
evaluated by EIS. While measurements across-plane of the as-
deposited thin films clearly show the electrolyte contribution
at high frequencies in the Nyquist plot (Fig. S12at), the

17766 | J. Mater. Chem. A, 2021, 9, 17760-17769

impedance spectra of the annealed layers could only resolve the
influence of the ion blocking electrodes, but not the contribu-
tion of the solid electrolyte due to its higher conductivity
(Fig. S12bt). Besides being the first successful report on the
fabrication of highly conducting LATP thin films by PLD, our
annealed films expand the thermal budget available for flexible
processing of novel all-solid-state battery components”*'**
while overcoming the limitations of polycrystalline films, i.e.
poor conduction at grain boundaries as the main limiting factor
of the overall ionic conductivity.

For the sake of completeness, we discuss and rationalize
here the impact of the processing conditions on the ionic
conductivity of the films and justify the selection of the optimal
annealing conditions (800 °C, ambient air, and 5 h). First, we
explored the influence of the oxygen partial pressure on the
conductivity of the AD films (Fig. S10%). 80 mTorr was found to
result in higher conductivities and compositions close to stoi-
chiometry (Fig. S31). With respect to the annealing conditions,
there is not plenty of room to explore, given that the films are
(optimally) deposited at 700 °C, while applying very high
temperatures for the annealing (above 900-950 °C) could result
in serious Li losses, despite the high oxygen partial pressure
employed (1 atm, ambient air), which should help to mitigate
these losses. A constant increase in ionic conductivities
concomitant with lower activation energies is observed (Fig. 6)
upon increasing the annealing temperatures from 700 °C to
900 °C. No significant changes are visible when dwelling for 5
hours between 800 and 900 °C, although the amount of crys-
talline secondary phases continues to increase at higher
temperatures (see Fig. S61). Extended dwelling at lower
annealing temperatures appears to have a negligible (e.g
annealing at 700 °C) or even negative effect on the electro-
chemical performance of the thin films. At higher temperatures,
longer dwelling times lead to a notable increase in the

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Arrhenius plot of different annealing conditions for LATP thin
films deposited on SizN4 substrates in PLD and their corresponding
energies of activation (Ea). If not differently indicated, dwelling has
been applied for 5 h at the maximum temperature indicated. For
samples annealed at 700 °C and 800 °C an extended dwelling of 10 h
(see the subscript) has been performed in addition.

activation energy from 0.37 eV (5 h dwelling) to 0.42 eV (10 h
dwelling) and slightly lower ionic conductivities. Overall, we can
conclude that the minimum temperature and dwell times to
achieve highly conducting films are 800 °C and 5 hours,
respectively. At higher temperatures, the risk of inducing Li
losses increases, despite the high pressure used to minimize
this ubiquitous effect.”® Longer dwelling times result in
enhanced crystallization of secondary phases and grain growth,
reducing the amount of intergranular amorphous matrix and
increasing the contribution of grain boundaries, resulting in
overall lower ionic conductivities. Furthermore, this procedure
was extensively tested over the past few years (Fig. S111) with
identical results, showing a robust reproducibility consistently
leading to ionic conductivities above 10™* S em ™.

For the future integration of our LATP films in realistic
device architectures, we carried out measurements of the elec-
trochemical stability window (Fig. S13}). The electrochemical
stability window is in the range of 2.8-4.5 V, in good agreement
with literature values,*”** making them compatible with high
voltage cathodes. Overall, and in light of our results, PLD
becomes a competitive method to achieve high-quality LATP
films comparable to the best reported films, realized through
sputtering so far. Further understanding of the nature of the
glassy intergranular matrix should be obtained to elucidate
optimal compositions to achieve as high conductivities as re-
ported for bulk samples.

Conclusions

We have demonstrated that large-area pulsed laser deposition is
a well-suited technique to successfully deposit and engineer

This journal is © The Royal Society of Chemistry 2021
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a dense thin film of LATP as a solid electrolyte for all-solid state
battery applications with semi-industrial capabilities. Dense
and stoichiometric thin films of 500 nm are achieved for
depositions around 80 mTorr at 700 °C, showing a reduced
presence of secondary phases. The ionic conductivities at room
temperature for these as-deposited films are in the range of
1077 to 107° S cm ™!, which are about the same for state-of-the-
art LiPON thin film electrolytes. After subjecting the layers to an
annealing process at 800 °C, the ionic conductivity increased up
to excellent values as high as 107 S cm ™" at room temperature.
This is the highest value reported for partially crystallized LATP
films to date and the first time that PLD is successfully
employed to produce such films. We provide evidence that this
enhancement might be caused by a lattice rearrangement
during the annealing, resulting in an improved contact across
interfacial domains of different orientations through the
formation of amorphous phases at the grain boundaries. The
preferred segregation of secondary phases to an intergranular
matrix upon heat treatment can be driven by the inhibited
acceptance of Li and Al inside the NASICON lattice, which
presented Al-contents of 0.35 < x =< 0.4 for the as-deposited thin
films. As a result, the exact compositional character of the glassy
phase appears to be variable for different stoichiometries of the
local environment within the host material. Our work provides
fabrication guidelines to achieve highly conducting LATP films
through a careful engineering of the local environment of LATP
crystallites, connected through an intergranular glassy ionic
conducting matrix percolating through the film. In this context
we suggest to concentrate on the stabilization of the amorphous
intergranular phase at high temperatures and to limit the
excessive segregation of aluminum outside the NASICON
lattice. This is achieved especially by controlling annealing
temperatures and dopant concentrations. Overall, the deposi-
tion of highly dense and homogeneous LATP layers with excel-
lent ionic conductivity demonstrates the potential of NASICON-
type thin film electrolytes for future all-solid-state batteries and
microbatteries.

Abbreviations
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LTP LiTi,(PO,)s
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