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Thesis Summary (approx.800 English Words )

All solid-state batteries composed of hetero-epitaxial electrode/solid electrolyte films have potential as new
configurations for lithium batteries with high power and high capacity characteristics. This thesis deals with
synthesis, structure, and electrochemical properties of hetero-epitaxial electrode/solid electrolyte multi-layer
films.

In Chapter 1 ‘General introduction’, background and problems on current lithium batteries were presented.
Demands for new battery system with high power and high capacity were explained. As an advanced battery
system, the author proposed all solid-state battery composed of hetero-epitaxial electrode/solid electrolyte films.
The importance of clarifying properties of epitaxial thin film solid electrolyte and hetero-epitaxial
electrode/solid electrolyte interface was described.

In Chapter 2 ‘Experimental’, experimental procedures used in this thesis were explained. Methods for
synthesis and structural/electrochemical characterizations of epitaxial thin film were described.

In Chapter 3 ‘Synthesis and electrochemical properties of epitaxial Li;La;Za,0,, thin film solid
electrolyte’, the epitaxial Li,La;Za,0,, films with (001) and (111) orientations were synthesized on Gd;Gas0O,,
single crystal substrates. Since the epitaxial films included no grain boundaries and hence no grain boundary
resistance, the lithium ion conductivities in the grains of the (001) and (111) films were determined to be 2.5 x
10 and 1.0 x 10™ S cm™, respectively, at room temperature. The epitaxial thin films of Li;La;Za,0,, solid
electrolyte contained large amounts of Al in the grains and exhibited ionic conductivities in the order of 10° ~
10°S cm™.

In Chapter 4 ‘Synthesis and electrochemical properties of epitaxial Lij;La,TiO; thin film solid
electrolyte’, the effects of synthetic conditions, film thickness, and crystal orientation on properties of epitaxial
Liy,Lag6, TiO5 thin film solid electrolyte were examined. The Li,;,Lay, TiO5(111) film grown at the low
temperature of 750 °C contained a sufficient amount of lithium in the lattice and exhibited a high total ionic
conductivity of 3.8x10* S cm™ with negligible resistance at the grain boundaries. Both ionic and electronic
conductivities of epitaxial Li,,;La,s TiO; film increased as film thickness decreased. A nano-sized interface
region of Li,;La,¢ TiO; exhibited different conductive properties with a bulk region. The parallel directions to
the ab planes in the Li, ;La,4 TiO; films showed high ionic conductivities of the order of 10* S cm”. The
formations of parallel ab planes along the out-of-plane direction should exhibit superior conductivities

in multi-layer configurations.
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In Chapter 5 ‘Fabrication of electrode/solid electrolyte multi-layer films using Li,La;Z,0,,’, the
properties of electrode/solid electrolyte multi-layer films using Li;La;Z,0,, were investigated. The Li;La;Z,0,,
depositions caused interfacial reactions with epitaxial thin film electrodes by atomic inter-diffusions, resulting in
poor battery performances of the multi-layer films. Although the interfacial reactions were suppressed by the
introduction of LiNbO; buffer layer, the multi-layer films showed no electrochemical activities. The formation
of stable and electrochemically-active interfacial layer by other buffer layers is required in order to improve
battery performances of all solid-state thin film batteries using Li;La;Z,0,, as solid electrolytes.

In Chapter 6 ‘Synthesis, structure, and electrochemical properties of hetero-epitaxial electrode/solid
electrolyte multi-layer films wusing Li, ,La,qTiO;’, structures and electrochemical properties of
hetero-epitaxial electrode/solid electrolyte multi-layer films were characterized. The low deposition
temperature of 750 °C was found to inhibit the growth of the interfacial layer formed by the chemical reaction of
LiMn,O, electrode and Lij,La,,TiO; solid electrolyte. The electrochemical activity of the
Liy ;;Lag 6, TiO4/LiMn,0, multi-layer film demonstrated that the LiMn,O, and Li,,,La,¢ TiO; function as the
electrode and solid electrolyte, respectively. The introduction of SrRuO; buffer layer between Li,TisO,,
electrode and Li, ;La,,,TiO; solid electrolyte significantly improved structural stabilities of the multi-layer
films. Atomic-level observations using scanning transmission electron microscopy clarified that a stable and
electrochemically-active interfacial layer generated by inter-diffusions of atoms facilitates battery reactions
through hetero-epitaxial interfaces without structural changes in electrode and solid electrolyte.

In Chapter 7 ‘Fabrication of LiMn,0,/Lij;;La;qTiOs/SrRuQ4/Li,Ti;O,, multi-layer film for all
solid-state battery’, the properties of hetero-epitaxial LiMn,0,/Li, ;La,¢TiO5/SrRuO,/Li,TisO,, multi-layer
films for all solid-state battery were investigated. The electrochemical properties were evaluated along the
horizontal and vertical directions of the multi-layer films. However, the multi-layer films exhibited no reaction
peaks associated with the Li,TisO,, and LiMn,0, electrodes. The scanning transmission electron microscopy
results suggested that potentials of Li,;,La;e TiO; and LiMn,O, in LiMn,04/Li, ;La, ¢ TiO5/SrRuO,/Li,Tis0,,
multi-layer film were reversed from those in Lij;La,4TiOs/ LiMn,O, multi-layer film. The analyses on
defects structures in multi-layer films indicated that the formations of V;;” in Li, ;,La,,,TiO; and Li;" in LiMn,0,
is required.

In Chapter 8 ‘General conclusions’, conclusions obtained in this thesis are summarized. The careful
optimization of synthetic conditions for multi-layer stacking and the introduction of the buffer layer between the
electrode and solid electrolyte enabled hetero-epitaxial growth of LiMn,0,(111)/Li, ;La, ¢ TiO5(111)/SrRuO;
(111)/Li,TisO.,(111) multi-layer films on SrTiO;(111) and Al,O5(0001) substrates. These processes were
performed from the physical and chemical point of view. However, the interfacial structures in electrode/solid
electrolyte multi-layer films changed by differences in potentials. The control of electrochemical potentials in
the multi-layer system is key issue to realize the advanced all solid-state battery system with ideal

hetero-epitaxial structures.
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