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ABSTRACT: All-solid-state batteries primarily focus on macro-
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crystalline solid electrolyte/cathode interfaces, and little is explored by T [rdencient T

on the growth and stability of nanograined Li-garnet and cathode o Ay>0 1/

ones. In this work, a thin (~500 nm) film of LiCoO, (LCO) has LCO IR

been grown on top of the polycrystalline layer of Ta-doped S (©03) (104) (012)

Li;La;Zr,0;, (Ta-LLZO) solid electrolyte using the pulsed laser g 00 4

deposition (PLD) technique. Scanning transmission electron 02 ﬁ | h
i lectron diffraction, and electron tomograph Ar<0 |

microscopy, e , graphy s

demonstrated that the LCO film is formed by columnar elements 1200800 400 O O

with the shape of inverted cones. The film appears to be highly T(C)

textured, with the (003) LCO crystal planes parallel to the LCO/

Ta-LLZO interface and with internal pores shaped by the {104} and {102} planes. According to density functional theory (DFT)
calculations, this specific microstructure is governed by a competition between free energies of the corresponding crystal planes,
which in turn depends on the oxygen and lithium chemical potentials during the deposition, indicating that thermodynamics plays an
important role in the resulting LCO microstructure even under nonequilibrium PLD conditions. Based on the thermodynamic
estimates, the experimental conditions within the LCO stability domain are proposed for the preferential {104} LCO orientation,

which is considered favorable for enhanced Li diffusion in the positive electrode layers of all-solid-state batteries.
KEYWORDS: solid-state batteries, thin films, cathodes, solid electrolytes, microstructure

B INTRODUCTION

All-solid-state batteries (ASSBs) are considered as promising
alternative to the conventional Li-ion batteries with the liquid
electrolyte due to the expected enhancement in energy and
power density and improved safety.' ™ ASSBs with solid
electrolytes based on garnet-type Li;LayZr,0,,_5 (LLZO)
doped with Al or Ta are particularly attractive as they
demonstrate high Li-ion conductivity, ~107> S-cm™" at room
temperature for the cubic phase and a uniquely wide
electrochemical stability window from 0.05 to S V vs Li/
Li*."~” The best positive electrode (cathode) material to work
in tandem with LLZO-based solid electrolytes is layered oxides
of lithium and transition metals due to their excellent practical
capacity and high electronic and Li-ion conductivity. Among
these, LiCoO, (LCO) and/or LiNi;;3;Coq33Mng 330, (NMC)
appear to be particularly promising as they are more thermally
and chemically stable toward LLZO, when compared to other
commercial cathodes like LiMn,O, (LMO) or LiFePO,
(LEP).*~"" To achieve fast charge transfer across the cathode
and the LLZO interface, a high manufacturing temperature
(>660 °C) is required to obtain a highly ionic-conductive
cubic LLZO phase, as well as optimal interconnection and
densification of the cathode and LLZO interface.'”” From a
pellet-based experimental study of compatibility, the interfacial
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decomposition is observed at a co-sintering temperature of 300
°C in an LFP-LLZO system and 500 °C in LMO-LLZO, while
NMC-LLZO and LCO-LLZO maintain the stable interface up
to 700 °C."""> Among the layered oxides, the stoichiometric
NMC is a complex solid solution, requiring three cations (Nj,
Mn, and Co) to be controlled for the desired composition. On
the other hand, LCO has only one transition-metal cation in
the structure allowing a less complicated synthesis process. As
it is one of the most frequently used cathode materials in
ASSBs, LCO has been extensively studied in both powder and
thin-film forms and is suitable for the model study of cathode
materials in ASSBs.

Further increase in energy and power density of ASSBs is
associated with switching from the pellet or tape form of the
solid electrolyte to thin films, especially for a wide range of
microelectronic applications such as portable electronics and
implantable medical devices.'* ASSBs, based on ceramic thin-
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film electrolytes, are also advantageous for developing on-chip
integrated energy storage facilitating a safer and simpler design
compared to batteries with liquid electrolytes. Although pellet-
based highly ionic-conductive cubic LLZO has been studied
since the late 2000s, thin-film LLZO was synthesized and
characterized only very recently.'* The synthesis methods and
material properties of nanocrystalline thin-ilm LLZO are
different from those of the bulk material. A higher volume ratio
of grain boundaries to grains in the nanocrystalline thin film
results in different local chemistry and mechanical properties
compared to polycrystalline bulk materials. Vacuum-based thin
film deposition techniques, such as pulsed laser deposition
(PLD) and sputtering are one of the methods to fabricate a Li-
oxide thin film with a well-controlled thickness on the
nanometer scale.* However, for more than a decade it has
been challenging to control Li loss during PLD fabrication
causing dramatic conductivity lowering as a consequence of
structural symmetry reduction. This obstacle has successfully
been overcome by proposing deposition from two ceramic
targets forming multilayers of LLZO and sacrificial Li;N layers
in a first step, and subsequently upon annealing and Li;N
decomposition — a pure and cubic LLZO single film with
controlled stoichiometry.'> Follow-up work also demonstrated
similar success in using lithium from Li,O as a co-sputter
target.”” This way it became possible to further reduce the
solid electrolyte thickness from about 100 ym (for tapes) to
hundreds of nanometers in thickness (for films) and
significantly lower the synthesis temperature of the cubic
phase from >1000 °C down to 660 °C. One interesting aspect
is that the resulting Li-garnet films exhibit an average grain size
of around 10 nm and relatively high ionic conductivity of
~1075—-10"* S-cm™!. To date, there is, to the best of our
knowledge, only limited information in the literature on the
chemistry, structure, and microstructure of the grains and grain
boundaries when going this small for the Li-garnet material
class, which will form one aspect of this study.

Most layered oxides and in particular LCO cathodes feature
essentially two-dimensional (anisotropic) Li-ion diffusion,
thanks to their layered structure. It is formed by infinite
sheets of edge-sharing CoOg octahedra sandwiching layers of
Li.'¢ Notably, this differs from the cubic and consequently
isotropic Li-conductivity in the high-temperature LLZO phase.
The traditional composite-type cathode that is composed of a
mixture of loose particles of LCO and LLZO sintered together
is less affected by the anisotropy of LCO. There are various
possible Li-ion pathways between randomly oriented LCO and
LLZO particles with a sufficient contact area. However, many
cathode oxide thin films, including LCO grown on a
supporting substrate tend to have preferred crystallite
orientation and the performance is predominantly determined
by the limited interfacial area in a 2D layer geometry. LCO
films have been grown using PLD in a polycrystalline form
with different texturing degrees, as well as in epitaxial
orientation.'” The orientation of LCO and growth conditions
toward LLZO determine not only charge transfer kinetics at
the electrolyte—cathode interface but also Li-ion diffusion
across the LCO thin film. In the polycrystalline LCO film
deposited on top of LLZO the apparent Li diffusion coefficient
will strongly depend on orientation relationships between the
individual crystalline grains.'® For example, in epitaxially grown
LCO thin films, the (003)-orientation (i.e., with the layers of
CoOg octahedra parallel to the film) are inferior in terms of Li
diffusion and rate capability compared to the (100), (110) or

(104)-oriented films (i.e., with the octahedral layers nearly
perpendicular to the film) as Li diffusion across the CoOyg
octahedral layers is largely prohibited in LCO. The electro-
chemical performance of different LCO orientations has been
studied in a liquid electrolyte system,'”™>" Lis,sGeg,5Po75Ss
(thio-LISICON)** or lithium phosphorus oxynitride
(LiPON)**  after depositing the LCO thin film on the
supporting substrate. Previous studies show that the slowest
Li-ion diffusion and transfer is observed at the LCO (003)/
electrolyte interface, while LCO (104) orientation has the
lowest interfacial ion transfer resistance and accordingly shows
predominant electrochemical performance. In a solid electro-
lyte system, the grain structure and surface morphology of the
LCO film also affect the electrochemical properties in addition
to its crystallite orientation. Thus, to achieve rapid ionic
transport in ASSBs, it appears to be important to deposit the
LCO films with optimized texture and grain boundaries that in
turn raises legitimate questions on the LCO growth mode in
vacuum-based techniques and the resulting microstructure.
There are several studies where LCO—LLZO bilayer structures
were fabricated using a sputterin§ system and their interface
properties were investigated.”*">° Most of these studies are
focusing on the chemical reaction and interdiffusion at the
interface of LCO and LLZO during layer assembling
conducted at a typical processing temperature of 700—800
°C, suggesting a solution to avoid undesired interfacial
reactions by introducing an interlayer, such as lithiated
NbZOS’26 or LiNbO,.”* They showed that high processing
temperature caused secondary phase formation at the interface
and resulted in higher interfacial resistance. Employing a
diffusion barrier layer could suppress the interdiffusion
between LLZO and LCO and lower charge transfer resistance.
Although the chemical composition and atomic structure
evolution at the interface have been carefully characterized, to
our knowledge, the analysis of LCO nucleation at the
nanocrystalline LLZO surface and subsequent grain growth
has not yet been performed.

Herein, we report on the comprehensive investigation of the
structure of PLD-deposited LCO/Ta-LLZO by atomic-
resolution scanning transmission electron microscopy
(STEM) imaging to establish the correlations between the
deposition conditions and the orientation of LCO crystallites
with respect to the Ta-LLZO surface. The results provide
insight into the engineering of an LCO microstructure for fast
Li-ion transfer along the LCO film as long as the LCO/Ta-
LLZO interface. We also provide a phenomenological model of
grain growth based on the (DFT + U)-calculated surface
energy as a function of oxygen and lithium chemical potentials,
which will help in selecting the synthesis conditions for
obtaining the LCO film with the desired orientation during
PLD deposition. Collectively, it will offer a new vision and
engineering strategies to integrate the proper structure of the
LCO film and the fastest conducting Li-garnet thin films,
providing an opportunity to design high-performance thin-film
ASSBs.

B EXPERIMENTAL AND THEORETICAL SECTION

Thin-Film Deposition. The LCO/(0.5 atom %)Ta-LLZO thin
film was deposited using the pulsed laser deposition (PLD) system
(Surface, Germany) on a commercial (100) MgO single crystalline
substrate (MTI Corporation) employing a KrF excimer laser
(wavelength 248 nm). The laser fluence was set to 1.67 J/cm? and
the frequency was set to 10 Hz. First, to obtain a Ta-LLZO layer,
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Figure 1. HAADF-STEM images of (a) the entire LCO/Ta-LLZO thin film and (b) LCO/Ta-LLZO interface (marked with a dashed line).

substrate—target distance had been set to 70 mm before 15 layers of
Ta-LLZO (25 nm) and 14 layers of Li;N (12.5 nm) alternating with
each other were deposited at 300 °C under an oxygen atmosphere.
The partial oxygen pressure p(O,) = 1.3 and 4 Pa was maintained
during Ta-LLZO and Li;N deposition, respectively. After PLD
deposition, the obtained sandwiched structure was annealed at 660 °C
for 1S min at p(O,) = 4 Pa to decompose Li;N. Then the substrate—
target distance was decreased to 55 mm and the LCO layer was
subsequently deposited on Ta-LLZO at 470 °C and p(O,) = 40 Pa.
The corresponding LigsLayZr, sTay 50, and Li;N PLD targets were
in-house synthesized as reported in previous works'"'> and the
Li; ,Co0, target was purchased from Toshima Manufacturing Co.,
Ltd.

TEM Specimen Preparation. The cross-section lamella and
needle-shaped specimens for transmission electron microscopy
(TEM) investigations (including electron tomography) were prepared
by a focused ion beam (FIB) technique using a dual-beam scanning
electron microscope Helios G4 Plasma FIB Uxe operating with Xe
plasma. To avoid bulk sample drifting due to the charging effect, a §
nm Au layer was coated on the surface of the LCO layer by
magnetron sputtering in advance. To protect the area of interest from
damage by high-energy Xe ions, Pt and Pt/C protective layers were
sequentially deposited with the electron beam (30 kV) and ion beam
(12 kV), respectively. FIB etching was performed first at a high
voltage of 30 kV, and subsequently at 8 and 2 kV, to remove the
amorphous layer. The final lamella was 5 X S um” in lateral
dimensions and ~80 nm thick (Figure S1) whereas the needle-shaped
specimen had a diameter of about 150 nm (Figure S2). The prepared
specimens were stored in an Ar-filled glovebox.

Electron Backscatter Diffraction. The crystallographic orienta-
tion of LCO crystals within the LCO film has been determined by
electron backscatter diffraction in a transmission geometry (tEBSD).
A lamella with a thickness of ~80 nm prepared by FIB has been
placed in a FEI Helios G4 Plasma FIB Uxe microscope equipped with
an EDAX-Ametek EBSD detector. The measurements have been
performed at an accelerating voltage of 30 kV, a beam current of 1.6—
3.2 nA, and a sample tilt of 30° (Figure S3a), which provides a lateral
resolution of 10 nm. EDAX TEAM and EDAX OIM Analysis software
were used for data collection and processing (Figure S3b),
respectively.

Transmission Electron Microscopy. Electron diffraction (ED)
patterns, high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images, EDX compositional maps in a
STEM mode (STEM-EDX), and electron tomography series were
acquired on a probe aberration-corrected Titan Themis Z electron
microscope at 200 kV equipped with a Super-X system for energy-
dispersive X-ray (EDX) analysis.

Electron Tomography Details. A Fischione 2050 On-Axis
Rotation Tomography Holder was used to provide 360° image
acquisition. To improve the spatial resolution as well as to increase
the depth of field and minimize diffraction contrast, we used the beam
convergence angle of 6.5 and 72 mrad inner acceptance angle of the
HAADF detector. A set of HAADF images with a tilt step of 2° was

acquired for the —90° to +90° angular range. Image alignment was
performed using Inspect3D software and IMOD software for fine
alignment steps. Image reconstruction was done in Inspect3D
software using the CGLS algorithm. 3D visualization, segmentation,
and further 3D data processing were carried out using Avizo software.

DFT Calculations. Density functional theory (DFT) calculations
were performed using Perdew—Burke—Ernzerhof (PBE) type”” of the
generalized gradient approximation (GGA) to exchange—correlation
functional and standard PAW potentials as implemented in the VASP
program.”® To take into account the strongly correlated character of
the d-electrons, a Hubbard-like correction is added within the
Dudarev scheme and a U value of 5 €V for Co. The energy cutoff was
400 eV, the k-point spacing was less than 0.3 A™", and the maximum
force acting on each atom after relaxation was less than 0.05 V/A. For
slab calculations, only one k-point normal to the surface was used.
The Gaussian smearing for Brillouin-zone integration with a smearing
width of 0.05 eV was used. To minimize artificial interactions between
periodic images of defects, the supercell approach with a 15 A vacuum
region was used. Dipole correction is applied normally to the surface
for slabs with polar surfaces. All calculations were performed using the
SIMAN software package.””

Surface energies were determined using chemical potentials
obtained from the phase diagram according to

_ Eior — Zi"(i)ﬂ(i)
B 28 1)

where E,, is the total energy of the symmetric slab with two surfaces,
n and p are the numbers of atoms and the chemical potential of
species i, respectively, and S is the surface area.

Phase Diagram Construction. The phase diagram in the
chemical potential space (chemical potential map) of the Li—Co—O
system was constructed using a grand canonical potential phase
diagram module®®*" as implemented in the PYMATGEN package.*
The list of stable phases for the Li—Co—O system was taken from the
Materials Project database.*®

To determine the stability window of the LiCoO, phase in the
Ap(Li) — Au(O) coordinates, we constructed a chemical potential
stability map for the Li—Co—O system (Figure S17), in which
LiCoO, appears stable in a range of Au(Li) and Au(O) potentials
according to the highlighted region in Figure S17.

Chemical Potential Estimation. To estimate the change of the
oxygen chemical potential (Ay(O)) corresponding to the conditions
of LCO deposition at a finite temperature T (K) and oxygen partial
pressure p (atm) we used the following equation’

Au(0) = SIAH(O,, T, JANAF) — TAS(0,, T, JANAF)

+ RTIn p(0,)] (2)

where AH (O,, T, JANAF) and AS (O,, T, JANAF) are the change of
both enthalpy and entropy according to the temperature and obtained
from the JANAF thermochemical table,*® and RTInp(O,) is the
contribution of O, partial pressure. Note that we used the JANAF
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Ta-LLZO |d) LCO

Figure 2. (a) 3D volume of LCO reconstructed using an electron tomography series on the needle-shaped sample, where the volume belonging to
LCO particles is colored in red. (b) Vertical electron tomography slice through the center of the needle-shaped sample. Positions of horizontal
electron tomography slices across the needle are outlined with the red and blue lines for Ta-LLZO and LCO layers, respectively, and denoted in the
image with the letters. (c—j) Slices across the needle at the positions denoted in (b). Slice (c) goes exclusively through the Ta-LLZO layer while

slices (d—j) belong to LCO.

Figure 3. (3, b) HAADF-STEM images of the LCO particles near the LCO/Ta-LLZO interface: (b) magnified HAADF-STEM image of the region
outlined with the white rectangle in the lower magnification image (a). White arrows designate the c-axis direction within the LCO crystallites.

Dashed lines denote the LCO/Ta-LLZO interface.

database implemented as a python-based package Thermochem
(https://github.com/adelq/thermochem/).

B RESULTS AND DISCUSSION

Electron Microscopy of the LCO Film Microstructure
and LCO/Ta-LLZO Interface. We first investigated the
microstructure of LCO and Ta-LLZO films after depositing
them consecutively on a (100) single crystalline MgO substrate
via the PLD process. The overview HAADF-STEM image
(Figure 1a) demonstrates the Ta-LLZO and LCO films with
thicknesses of £330 and ~460 nm, respectively. The Ta-LLZO
layer consists of randomly oriented irregularly shaped
crystalline grains with an average size of 30—80 nm (Figure
S4). The ring ED pattern of Ta-LLZO can be indexed to the
space group Ia3d of the cubic crystal structure with a ~ 13A.
The Ta-LLZO layer also contains some closed pores with an
average size of 28(10) nm, which can be distinguished in
Figure 1a as darker areas. The pore size distribution is provided
in Figure SS. Electron tomography overview (Figure S6)
demonstrates that pores are either close or propagate along the
Ta-LLZO layer and occupy 8.4(7)% of its volume. This
specific pore arrangement apparently originates from collapsing
the sacrificial Li;N layers in the Ta-LLZO/Li;N multilayer

structure during the post-annealing process at 660 °C to
decompose Li;N into Li. Sequentially deposited Li;N layers act
as a Li reservoir and diffuse into the cubic phase of the Ta-
LLZO structure to assure sufficient Li-stoichiometry by
compensating the Li loss during the thin film deposition
process.'”” The closed pores inside the nanocrystalline Ta-
LLZO film can be removed and make the film denser by
finding the optimized ratio of Ta-LLZO and Li;N multilayer
and deposition temperature. Although we have confirmed that
a denser Ta-LLZO film can be achieved by controlling the
deposition conditions, we will not cover it here as optimizing
the Ta-LLZO deposition is beyond the scope of this study.

Due to the polycrystalline nature of the Ta-LLZO layer, the
LCO/Ta-LLZO interface is rough (Figure 1b), but no
noticeable interdiffusion between LCO and Ta-LLZO was
observed, as evidenced by STEM-EDX elemental maps (Figure
S7). The LCO layer adopts a complex hierarchical micro-
structure. The bottom ~100 nm part, near the LCO/Ta-LLZO
interface, mainly consists of randomly oriented 20—50 nm
crystalline LCO nanoparticles (Figure 1b) interleaved with the
tips of LCO inverted cones, which propagate through the
whole thickness of the LCO layer concomitantly expanding in
lateral dimension (Figure 1a).
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Figure 4. (a) Low, (b) medium, and (c) high magnification [010] HAADF-STEM images of the selected LCO conical column along with the

corresponding ED pattern (c).

2D HAADF-STEM observations are supported by 3D
electron tomography reconstruction from the series acquired
on the needle-shaped specimen (Figure S2). The most
representative 2D slices of the reconstructed 3D volume of
the LCO layer with the 50 nm step are represented in Figure 2.
They clearly show that on top of the LCO/Ta-LLZO interface
(Figure 2b, slices ¢, d) plenty of tiny (<50 nm) LCO
crystallites are deposited (Figure 2d). Meanwhile, the LCO
particles can be separated into two groups depending on their
further behavior. One part of the LCO particles stops growing
at a distance of 100—150 nm from the Ta-LLZO surface
(Figure 2e,f), while the other part of crystallites continues to
grow giving rise to columns of inverted conical shape, directed
nearly perpendicular to the Ta-LLZO substrate (Figure 2g—j).

The LCO particles, adjacent to the LCO/Ta-LLZO
interface, were probed with high-resolution HAADF-STEM
imaging to establish the difference between the conical
columns and self-standing particles in the near-interface region
(Figures 3 and S8). Both columns and particles adopt a
hexagonal layered @-NaFeO, structure (space group R3m, a ~
2.81 A, ¢ ~ 14.05 A) consisting of the CoO4 and LiOg4
octahedral slabs alternating along the c-axis. Due to the
particular sensitivity of HAADF-STEM imaging to the atomic
number of the elements, the Co slabs appear in the HAADF-
STEM images as rows of bright dots or lines in case the crystal
is slightly misoriented with respect to the electron beam. These
rows or lines run perpendicular to the c-axis of the LCO
crystals. It appears that the c-axis of the LCO crystallites
constituting the conical columns is directed nearly perpendic-
ular to the Ta-LLZO layer and coincides with the growth
direction of the columns (Figures 3 and S8). This conclusion
was also confirmed by HAADF-STEM images acquired from
the middle and top parts of the LCO columns (Figures 4, S9,
and S10). Moreover, to perform more quantitative crystal
orientation analysis of the LCO grains, we carried out tEBSD
mapping of the selected areas of the LCO layer on a FIB-cut
lamella. tEBSD results totally support HAADF-STEM
observations, showning that the z-axis of the overwhelming
majority of the LCO crystals is oriented predominantly
perpendicular to the LCO/Ta-LLZO interface (Figure S11).

On the contrary, in all of the particles, which do not
contribute to the columns, the c-axis is highly tilted with
respect to the growth direction and lies more parallel to the
Ta-LLZO surface. Meanwhile, no prominent epitaxial relation-
ships between the LCO and Ta-LLZO grains were observed
(Figures 1b and 3b).

Growth Mechanism of the LCO Film. TEM data allow
us to reconstruct the sequence of LCO film growth on the Ta-
LLZO garnet-type electrolyte film under the given PLD
conditions. Within the framework of the Movchan and
Demchishin zone model,* the homologous temperature T, =
T/T,, ~ 0.5 (T — the film deposition temperature of 743 K, T,,
— LiCoO, melting temperature estimated at 1423—1473 K*’)
places the growth conditions at the surface diffusion control
zone yielding a polycrystalline columnar film structure, in
agreement with the microstructure observed experimentally.
Although the conical columnar film structure as shown in
Figure la visually resembles the columnar structures
originating from the Van der Drift evolutionary mechanism
of grain growth driven by growth velocity anisotropy,” the
peculiar details of the thin-film microstructure indicate that this
mechanism is not realized under the given deposition
conditions. First, the film demonstrates pronounced porosity
(up to 20%) and clearly visible voids between the columnar
grains (Figures 1a and 2). This indicates that the impingement
and occlusion of the grains are not fully achieved. Second, the
grains appear to be highly faceted that drastically differs from
straight grain boundaries usually occurring in the Van der Drift
construction.””*" Additional dimension to the model address-
ing pronounced film porosity is given by the relatively high gas
pressure of p(O,) = 40 Pa. According to the extension of the
Movchan and Demchishin model, provided by Thornton*' and
Infortuna,™ at moderate temperature and high gas pressure the
growth occurs through nucleation of crystalline clusters and
their dissolution in the columnar grains, while the shadowing
effects prevent the densification of the film resulting in the
retention of voids. The columnar grains obtained in this way
appear to be highly crystalline, but with voids between the
highly faceted surfaces.

The schematic model of a typical columnar grain is given in
Figure S. The columnar grains preferentially grow in the [001]
direction with the (003) planes being roughly parallel to the
Ta-LLZO/LCO interface. The grain is shaped by low-index
crystal planes of the parent rock-salt Fm3m structure that are
{200} and {111} equivalent to the {104} and {102} planes of
the R3m LCO structure, respectively (Figure S12). As
demonstrated by DFT calculations, these are the lowest
energy surfaces in LCO. The top part of the grain might
contain fragments of the (003) (={111} cubic) and (108)
(={220} cubic) planes, which are higher in energy and tend to
annihilate during crystal growth. The growth rate is highly
anisotropic, with the fastest growth confined to the [001]
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Figure S. Schematic model of a columnar LCO grain along with the
corresponding reciprocal lattice section. The reciprocal lattice meshes
for the R3m LCO structure and the parent rock-salt Fm3m structure
are outlined with dotted and dashed lines, respectively. The Miller
indexes of the Fm3m reflections (black squares) are given in Italics.

direction and only minor growth in the lateral directions. In
the case of small misorientation of the film growth direction
and the [001] crystallographic direction, the lateral sides of the
column should be shaped by vicinal surfaces close to the {100}
and {110} planes of the R3m LCO structure. These surfaces
are of very high energy’>* and disproportionate to the lowest
energy surfaces, such as {104} and {102} (Figure 5).

One can assume that during the initial deposition stage, a
large number of small crystalline LCO clusters are nucleated at
the LCO/Ta-LLZO interface. As the epitaxial relationships
between the LCO and Ta-LLZO particles are seemingly absent
or relaxed, the LCO clusters adopt random orientations
(Figure 6a). The subsequent growth occurs through further
deposition of the clusters and strongly depends on the initial
crystallographic orientation. The clusters with the [001]
direction nearly normal to the substrate (group 1) grow faster
than those with the [001] parallel or nearly parallel to the
substrate (group 2). The first group of clusters develops into
columns, while the second group preserves more or less
isotropic shapes. An additional lateral growth (in the directions
parallel to the substrate) results in an inverted conical shape of
the columns (Figure 6b). Due to the lateral extension of the
conical columns, group 2 particles are progressively shadowed
from the incoming plume suppressing their further growth.
Eventually, the cones are closed-up leaving behind numerous
interconnected conical-shaped pores (Figure 6c). From
overview HAADF-STEM images, the fraction of the pore
area is estimated at 20%, whereas segmentation of the electron

a) Lco

Ta-LLZO

Y X
Figure 6. Schematic representation of the LCO film in the Ta-LLZO
film growth process during PLD deposition: nucleation of the LCO
clusters (a), faster growth of the clusters with the [001] direction
normal to the substrate (b), and formation of conical-shaped pores
(c). White arrows denote the c-axis orientation of the LCO grains in
the forming film.

tomography data provides 19(2) vol % of the pores in the
LCO film. High processing pressure of LCO deposition also
contributes to the formation of a porous structure as discussed
above.™

The observed growth anisotropy may be caused not only by
kinetic effects such as surface diffusion but may also be favored
by the LCO surface thermodynamics. In particular, individual
columnar crystallites expose large specific areas of free surfaces
of about 14 m?/g that are buried inside the film. The specific
area of free surfaces was evaluated from HAADF-STEM
images assuming LCO particles have a conical shape and
theoretical LCO density of 5.05 g/cm®. To assist the growth of
crystallites these surfaces should have the lowest possible
surface energy. As shown above, the exposed free surfaces
belong only to the {104} and {102} crystal families (Figure
S12). To understand the origin of surface preference, we
performed DFT + U calculations of their energetics depending
on thermodynamic conditions.

Surface Energetics of LCO Crystallites. According to
previous DFT studies, among numerous free surfaces, the
(003), {104}, and {102} are the most energetically favorable
for LiCoO, *>* The energy of the {104} surface is sensitive to
the spin state of surface Co, where intermediate spin (IS) is
more stable compared to the low spin (LS). However, the
surface energies of {104} with the IS state reported so far
strongly contradict each other ranging between 0.3 and 0.8
J/m>™ despite very similar computational approaches. We
recalculated this energy by carefully controlling the magnetic
moments of Co and found the value of 0.8 J/m?, which we use
further in this study.

The {104} surface is always stoichiometric, while the (003)
and {102} surfaces preserve stoichiometry only for termi-
nations with the 1/2 Li monolayer and 1/2 O monolayer,
respectively (Figures S13 and S14). For other terminations
these surfaces are non-stoichiometric, causing surface energy to
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Figure 7. (a) Surface energies as a function of oxygen chemical potential calculated under lithium-deficient conditions. The vertical lines denote the
change of phase in equilibrium with LiCoO, from left to right (Co — CoO — Co;0, — LiCo0,0,). (b) Surface energies as a function of lithium
chemical potential at Au(O) = —1.15 eV. The configurations with 0, 1/4, 1/2, 3/4, and 1 Li monolayer are considered for the (003) surface.

be a function of Li and O, chemical potentials, which is shown
in Figures 7 and S15—S17. Focusing first on Au(O)
dependence and Li-deficient conditions, the crossover point
of the {104}/(003) free energies is reached at Au(O) ~—0.8
eV. Below this point, i.e., under more reducing conditions, the
{104} surface is stabilized, while under oxidizing conditions
the (003) surface is favored. The energy of the {102} surface
remains higher than that for the {104} and (003) ones in a
wide range of Au(O) and noticeably decreases only under
strongly oxidizing conditions (Figure S15).

As a next step, we estimated the chemical potential realized
under deposition conditions of T = 470 °C and p(O,) = 40 Pa.
Since Au(O) is defined by the oxygen background gas, it is
straightforwardly calculated using eq 2 (see the Experimental
and Theoretical Section) giving Au(O) = —1.15 eV. In
contrast, the Li chemical potential is not easily defined. It
depends on the Li excess in the target as well as on the Li
vapor pressure near the substrate, which in turn, depends on
the plume expansion rate, background gas pressure, and
substrate temperature.”” Nevertheless, the allowed range of the
Li chemical potential is constrained by the LCO stability
region, and can easily be extracted from the chemical potential
stability map (red line in Figure S18). In this Ay(Li) range, the
{104} surface is always more stable than (003) (Figure 7b).
Therefore, the surface thermodynamics may indeed be partially
responsible for preferential formation of the {104} surface over
(003) under PLD conditions. However, the formation of a less
stable {102} surface (2.06 J/m?) under experimental
conditions cannot be explained by thermodynamics and is
apparently affected by crystallography; other possible reso-
lutions to this problem are given further in the Results and
Discussion section.

To rationalize the preference of surfaces under all possible
conditions we introduce a stability criteria Ay = y(003) —
7{104}, and plot it against the temperature of O, background
gas for Li-rich and Li-deficient conditions in Figure 8. For our
deposition conditions, Ay is always positive, staying between
0.15 and 0.33 J/m* depending on the Li chemical potential.
The highest possible stabilization of the {104} surface for the
Li-rich and Li-deficient conditions is achieved at T = 700 and
200 °C, respectively, and with further increase of temperature
remains constant (Ay,,,= 0.33 J/m?). The highest stabilization
of the (003) surface for the Li-deficient conditions occurs at
~0 °C (Ay,,= —0.18 J/m?).

The LCO part in the LCO/Ta-LLZO thin film obtained by
PLD under given deposition conditions (470°C, p(0,) = 40
Pa) adopts an inverted conical columnar morphology, with the
LCO c-axis oriented normally to the Ta-LLZO substrate. Due

0.6

—— Li-deficient

—— Li-rich <
04r Ay>0
0.2

(003) (104) (012)

0.0 T

-0.2F Ay <0 ﬂ//i (\‘

1200 1000 800 600 400 200 0 -200
T(C)

Ay (J/m?)

Figure 8. Thermodynamic stability map of (003)/{104} surfaces as a
function of O, temperature for Li-deficient and Li-rich conditions.
The O, pressure is 40 Pa. The dashed green line shows experimental
deposition temperature, while the solid green line shows possible
values of experimental Ay due to uncertainty in Li chemical potential.
Ay = y(003) — y{104}. The equilibrium LCO crystal shapes (Wulff
constructions) corresponding to two possible thermodynamic
conditions with directions of fastest growth are shown on the right.

to the apparent absence of epitaxial LCO/Ta-LLZO relation-
ships and polycrystalline nature of the Ta-LLZO substrate, its
influence on the textured LCO growth is absent or relaxed.
While in the case of strong epitaxy, the substrate may radically
affect the orientation of the resulting LCO film, #8750 i
our case the role of the Ta-LLZO film forming the substrate is
diminished since regardless of the initial orientation of the
randomly seeded LCO grains, the preferential growth occurs in
the [001] direction. To understand the possible reasons for the
observed preferential growth of LCO particles and to suggest
potential ways for their reorientation by changing deposition
conditions, the analysis of surface energetics is performed.
According to DFT + U results, the surface thermodynamics
of LCO considerably depends on the external chemical
conditions, defined by the Li and O chemical potentials. As
predicted by DFT + U preference of the {104} over the (003)
surface under the employed deposition temperature agrees
with numerous {104}-like and no (003)-like free surfaces
discovered inside the LCO film by TEM. The large specific
area of internal free surfaces originates from preferential
growth of the LCO columns in the [001] direction. This
particular orientation is crystallographically compatible with
the formation of {104}-like and {102}-like facets on the lateral
surface of the conical columns. Therefore, it may occur that
not only the kinetic factors favor the [001] growth direction,
but also the surface thermodynamics since in this way the
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columnar crystallites minimize their lateral surface energy by
{104}/{102} surface faceting. The provided analysis assumes
that the energy of the {102} surface is similar to that of {104},
which contradicts with DFT + U results from which the {102}
surface has 2 times higher energy than the {104}. A possible
explanation can be related to the reconstruction of the {102}
surface omitted in DFT calculations. Indeed, the {102} surface
almost always appears on par with the {104} in experimental
studies. !

The fact that the competition of the {104} vs (003) surface
depending on the Li and O chemical potentials governs LCO
preferential growth is consistent with the generally accepted
scenario in which preferential orientation of thin films (<1 pm)
is directed mainly by minimizing surface energies, whereas for
the thicker films the macroscopic strain can switch the
preferred orientation direction.”””® For the LCO thin films
(<0.5 pum) the (003) planes parallel to the substrate dominate,
but the orientation changes to {101}—{104} when the film
thickness exceeds 1 ym due to the tendency to minimize the
volume strain <en<ergy.23’54’55 Nevertheless, for submicron
polycrystalline LCO films the surface thermodynamics offers
at least two scenarios of the preferred crystallite orientation.
The first one presumes stabilization of the (003) surface in
hope that the growth of crystallites will occur in such a
direction that the lateral surfaces will be predominantly
composed of the (003) facets. Such orientation should
enhance Li diffusion due to the orientation of diffusion planes
across the film thickness. In fact, we could achieve the {104}
oriented LCO film on a single crystalline substrate, like (100)
SrRuO; or (100) SrTiO; at elevated temperatures by an
epitaxial growth process where randomly oriented LCO nuclei
are re-distributed to the {104} orientation by high surface
atomic mobility. However, epitaxial LCO growing on a
polycrystalline Ta-LLZO substrate is not achievable. In
addition, the processing temperature for the epitaxial growth
is too high to avoid the inevitable elemental interdiffusion at
the LCO and Ta-LLZO interface. Moreover, in the island
growth mode, it is impossible to construct a columnar particle
with all lateral surfaces composed of the (003) facets. In fact,
only the two side surfaces of the column may be of the (003)
type, while the others should be faceted by the {104}/{102}
planes, in which case the mo;ghology of particles should switch
to vertically oriented plates™ (Figure 8). A possible obstacle
related to this regime is the kinetics of crystallization, which
may be hindered by temperatures below 200—-250 °C (T, ~
0.3) required for stabilization of the (003) surfaces (Ay < 0 in
Figure 8). In both scenarios, the direction of fastest growth,
obtained in the limit of infinite surface diffusion, is
perpendicular to the substrate surface (Figure 8).

The second option is to completely switch the growth mode
of LCO from island to layer-by-layer deposition, preventing
the formation of individual crystallites and corresponding
internal free surfaces. In this case, only the top surface of the
film contributes to total free energy which should be
minimized. The best candidate for such a surface is (104),
and to achieve its stabilization the temperature should be
increased (Figure S19a) and partial oxygen pressure should be
decreased (Figure S19b). The lowering of p(O,) pressure is
also preferential from the extended Movchan and Demchishin
model, as it will prevent nucleation of crystalline clusters and
minimize shadowing effects giving highly densified film
without void formation.”' Conditions for preferable {104}
LCO growth fit well with those provided by common PLD

39914

deposition equipment (T: RT—1000 °C, p(O,): 0.1-100 Pa)
and within the chemical compatibility of Ta-LLZO and layered
oxide cathodes (LCO, NMC)." However, there are
uncertainties with the Li chemical potential because its
accurate estimation and control depend on many factors
(such as the target composition, laser fluence, gas pressure, and
substrate—target distance),”” unlike x(0O), which depends
solely on T and p(O,) in a vacuum chamber. Therefore,
controlled manipulation by x(Li) may be required to achieve
the desired growth mode while remaining within the LCO
stability region on the Li—Co—O chemical potential map and
avoiding the formation of Co;0, admixture. Apart from that, it
may be essential to use an appropriate single crystal substrate
to initiate the epitaxial growth of the {104} layers.”” Indeed,
introducing epitaxial energy as an additional thermodynamic
variable enables the desired growth of {104}-oriented LCO, as
demonstrated by the preliminary results in Figures S20 and
S21.

B CONCLUSIONS

All-solid-state batteries rely on a fast Li-ion transfer across the
solid electrolyte and cathode interface. Through this work, we
uniquely explore nanograined Li-garnet solid electrolytes
(made as films) as a bilayer with the cathode LiCoO,
contributing to an understanding of the best growth conditions
for nanograined Ta-LLZO with a large grain boundary volume
with LCO. Although PLD deposition conditions are very far
from equilibrium, thermodynamics plays an important role in
the LCO thin film growth, which was evidenced by TEM
studies of the morphology of the PLD-grown LCO thin film on
top of the polycrystalline Ta-doped LLZO solid electrolyte and
corresponding DFT + U calculations. The growth is initiated
as randomly oriented seeds of LCO nanocrystals and
continued in the island growth mode resulting in an inverted
conical columnar texture with the (003) planes parallel to the
LCO/Ta-LLZO interface and pronounced pores shaped by the
{104} and {102} free surfaces. This specific microstructure is
governed by surface free energies which depend on the oxygen
and lithium chemical potentials during the deposition. Based
on thermodynamic consideration, the y(Li)—u(O) region of
PLD deposition conditions was defined, which is optimal for
achieving the {104} orientation of the LCO columns being
most favorable for rapid Li-ion transport to and from Ta-
LLZO thin-film electrolytes.
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