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Abstract

Different lithium ion conducting garnet-type thin films were prepared by pulsed laser
deposition. Of these garnet-type thin films LigBala,Ta,O;,, cubic LigsLazZr; sTagsO2
(additionally stabilized by Al,O3) and cubic LisLa;Zr,O,, stabilized by Ga,0; were
investigated in more detail. Conductivity measurements of these thin films performed in
lateral geometry showed total conductivities of o= 1.7-10° S-<em™', 6 =2.9-10° S-cm ' and
o=1.2-10"° S-cm ', respectively. Electrochemical impedance spectroscopy was performed
in axial geometry (orthogonal to the substrate), revealing conductivities of
6=3.310"° S-cm ! for LicBala,;Ta;O;, which is comparable to the bulk conductivity of
LicBaLa;TayO1, (a=4~1075 S~cm71). The comparatively low lateral conductivity of the
garnet-type material could be increased to a maximum of ¢=2.810" S.cm ' for
multilayer  structures of two  different alternating  garnet-type  materials
(LigsLasZr; sTag s012:AlL 03, LisLazZr,01,:Ga,03). These investigations revealed a strong
influence of the thin film microstructure on the total conductivity. Additionally the
electronic partial conductivity of LigBalLa,Ta;O;, as bulk and thin film material was
determined. The garnet-type thin films were successfully tested as protective coatings and
as ion-selective membranes in “hybrid battery cells” (liquid and solid electrolyte combined
in one cell). The ion-selective membranes successfully suppressed the undesired

polysulfide shuttle mechanism inside a lithium sulfur battery.
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Zusammenfassung

Eine Reihe unterschiedlicher Lithium-ionenleitender Diinnfilme aus Oxiden vom Granat-
Typ wurde mittels gepulster Laserdeposition abgeschieden. Hervorzuheben sind die
Préaparation von LigBala;Ta;O,, kubischem LigsLasZr;sTagsO1, welches zusétzlich
durch Al,O; stabilisiert wurde, und kubischem Li;La3Zr,Oy,, stabilisiert durch Ga,Os.
Leitfdhigkeitsmessungen in lateraler Geometrie ergaben fiir diese Materialien jeweils
Gesamtleitfihigkeiten von 6 =1.7-10° S-em ™, 6=2.9-10° S‘cm ' und 6= 1.2:10° S-cm .
Dartiber hinaus wurde die Leitfahigkeit an einem LigBala,Ta,O,-Diinnfilm in axialer
Geometrie (senkrecht zum Substrat) mit einem Wert von o=3.3-10" S-cm' bestimmt.
Dieser Wert ist vergleichbar mit der Leitfdhigkeit des Volumenmaterials von
LigBalLa,Ta,O; (0 = 4107 S~cm71). Die vergleichsweise geringe laterale Leitfdhigkeit der
Granat-Typ-Diinnfilme konnte auf maximal ¢ =2.8-10" S-cm™' fiir Multilagen-Diinnfilme
bestehend aus zwei alternierenden Granat-Typ Phasen (LigsLasZr;sTagsO012:AL O3,
LisLa3Zr,0,,:Gay03) erhoht werden. Weiterfilhrende Experimente zeigten, dass die
Mikrostruktur des Diinnfilms einen starken Einfluss auf die Gesamtleitfahigkeit hat.
Zusitzlich wurde die elektronische Teilleitfahigkeit einer Volumenprobe und eines
Diinnfilms, bestehend aus LigcBalLa,Ta,0;,, bestimmt. Dinnfilme aus Lithium-Granaten
wurden erfolgreich als Schutzschicht und als ionenselektive Membran in ,,Hybrid-Zellen*
(Kombination aus Fliissig- und Festelektrolyt in einer Zelle) getestet. Die ionenselektiven
Membranen waren in der Lage, den unerwiinschten Polysulfid-Shuttle-Mechanismus

innerhalb einer Lithium-Schwefel-Zelle zu unterdriicken.

Stichworter:

Lithium-Festelektrolyt, Granat, Separator, Festelektrolytbatterie, Hybrid-Batterie,
PLD
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Introduction

1. Introduction

This thesis deals with the preparation and characterization of lithium ion conducting solid
state garnet-type materials that can be used as electrolyte in lithium (ion) batteries. The
resistance of an all solid state battery depends - among other quantities - on the ionic
conductivity of the electrolyte. One way to reduce the resistance of the solid electrolyte in
the cell is to reduce its thickness. Therefore, garnet-type solid electrolytes were mainly
prepared as thin film in order to investigate whether the material is applicable for the use

in batteries.

A battery is formed by the combination of more than one electrochemical cell which is
able to transduce the chemical energy stored in the electrodes into electrical energy. In
these electrochemical cells the chemically different electrodes are separated by an
electrolyte. Under open circuit and charged conditions an electric potential difference
arises between both electrodes. This measurable voltage has its origin in the driving force
of a chemical reaction between both electrode materials. A requirement for the reaction to
take place in an electrochemical cell is the transport of an appropriate ionic species from
one electrode to the other. The mediator between both electrodes is the electrolyte, which
can be liquid or solid, allowing the ionic species to move across the cell without parallel
electron transport in the electrolyte. The electrons need to pass through an external circuit
to reach the other electrode. Thus, the electron transport along an external circuit enables
the usage of the electrical energy from a chemically driven reaction. The electrical power
(P) output depends on two factors, i.e., the voltage (U) and the current (/) as described by
Eq. I.1.

P=U-1 (1.1)

The open cell voltage (E — electromotive force) is thermodynamically determined by the
change of Gibbs free energy (AG) divided by the number of elementary charges (z)
multiplied with the Faraday constant (F):

AG (1.2)
zF
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Thus, the open cell voltage is determined exclusively by the electrode materials, and the
electrolyte has ideally no influence on the cell thermodynamics. However, the current in
Eq. 1.1 is strongly influenced by the electrolyte and the electrode kinetics. There is no
theoretical limit for the current across an electrochemical cell. Nevertheless, internal
resistances (Riy) limit the current and thereby the actual power output (P) as described by

Eq. 1.3;

P = P(Rint > 0) — Rine " I (1.3)

There are three contributions to the internal resistance: the connector resistance (can often
be neglected, if low-impedance contacts and wires are used), the reaction resistance of
both electrodes and the electrolyte resistance. The term “electrolyte resistance” needs to
be specified. Favorable are electrolytes that have a high ionic conductivity of the active
ion, thus leading to a low resistance for these ions, and an ideally infinitely large
resistance for electrons, i.e., negligible electronic conductivity. Liquid electrolytes tend to
behave like ideal electrolytes, i.e., they show no electronic conductivity and the ionic
conductivity is high. However, liquid electrolytes are not single ion conductors. Besides
the preferred ionic species other ionic species are often also mobile in these liquid
electrolytes, as there is always a joint ionic species with a charge contrary to the charge of
the preferred active ionic species. In case of Li" (the solvation shell is not considered in
this case) there will also be a solvated anionic species. This anionic species should not be

involved in charge transport.

Another issue of batteries with liquid electrolyte is that the liquid electrolyte might be
able to solve chemical species originating from another part of the cell, e.g., an electrode.
A good example of this is the lithium sulfur cell [1, 2]. The pristine sulfur from the
electrode is insoluble in the liquid electrolyte, but polysulfide anions formed during the
cell reaction are soluble. Those polysulfide anions can then undergo an unwanted side
reaction at the negative electrode. The polysulfide anions form lithium-sulfur species at
the surface of the lithium electrode. These deposited lithium-sulfur species are insoluble

and electronically inactive. In consequence, the capacity of the cell is irreversibly lowered

[2].
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In contrast to liquid electrolytes the solid electrolyte acts as a single ion-selective “filter”,
with the drawback that electronic conductivity cannot be eliminated entirely from a solid
material. However, for stoichiometric compounds with wide band gap, the electronic
conductivity can be very low, so that it becomes insignificant. A fine introduction to solid
lithium ion conductors is given in the review of Knauth [3]. Good ionic conductivity and
low electronic conductivity are key features of a solid electrolyte [4]. A non-zero
electronic current through the electrolyte would result in a decreased electronic potential
difference between both electrodes. Furthermore, an electronic current (j,-) consequently
leads to self-discharge of the cell, as a corresponding current of ions (ji;+) leads to a

coupled flux of the neutral component (j;).

Jui & JLit = Je- (1.4)

Besides the benefit of ion selectivity solid electrolytes are considered as intrinsically safe,
resistant to lithium dendrite growth and are well operable at elevated temperatures.
Furthermore, damage to the cell from freezing liquid electrolyte is avoided. Therefore,
solid electrolytes could be key components to enable so-called next generation cells
(e.g., Li-S, Li-O,) [5] and are necessary for the construction of solid state batteries.
However, identifying suitable solid electrolytes represents a major challenge. A general

introduction to all solid state batteries is given in [4, 6-8].
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2. Motivation

The aim of the PhD project was to prepare and characterize garnet-type solid electrolytes,
mainly prepared as thin films by pulsed laser deposition. The academic interest in solid
lithium ion conducting thin films was rather limited at the beginning of this doctoral
project. Thus, there were no publications about lithium ion conducting garnet-type thin
films at all. To the contrary, there were still unsolved problems in the preparation of
lithium ion conducting garnet-type phases even as bulk material. Especially the
preparation of cubic LisLasZr,01, was a delicate task and often tetragonal LisLa;Zr,01s,
with poor lithium ion conductivity, was obtained [9]. The importance of a stabilizing
dopant for the cubic phase as well as the degradation in air [10-12] by formation of
Li,CO; [13] was not yet known to the academic community. Currently, the interest in
solid lithium ion conducting electrolytes and lithium ion conducting thin films rises
rapidly. This is due to the fact that potential next generation batteries (lithium-sulfur and
lithium-oxygen) are not yet commercially realized and that usage of solid electrolytes
promises an intrinsically safe battery if applied to an all solid state battery concept. Also,
solid electrolytes could be used as protective layers on electrode materials or on battery
separators. The advantages of solid electrolytes compared to liquid electrolytes are their
non-flammability (of oxide-type solid electrolytes at least) coupled with possible
operation temperatures higher than the boiling point of most liquid electrolytes, and their
expected mechanical stability against lithium dendrites. Furthermore, their ion selectivity

prevents the migration of undesired redox-active species.

In all cases, the solid electrolyte needs to fulfill several criteria like high ionic and low
electronic conductivity. In addition to that, it needs to be chemically and
electrochemically stable. For commercial usage the costs of material and production need

to be considered as well as recyclability and toxicity.

There are two general possibilities for the application of solid electrolytes, either as bulk
solid electrolytes — as “thick films” - or as solid electrolyte thin films. The basic
requirements are identical, with the exception that solid electrolyte thin films can have a
lower 1onic conductivity in order to achieve the same resistance of a cell. At a required
resistance the conductivity can be lowered by the same factor as the thickness is reduced.

From a research perspective, another advantage of solid ion conducting thin films is that
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they facilitate investigations under vacuum conditions. This means that a broad variety of
vacuum analysis methods, e.g., scanning electron microscopy, transmission electron
microscopy and x-ray photoelectron spectroscopy can be used to investigate single parts
of a cell (electrodes, electrolytes, and their interfaces) as well as the cell chemistry of a
whole cell. Vacuum stability is a result of the negligible vapor pressure of solid ion
conducting materials compared to liquid electrolytes. For the investigation by vacuum
analysis methods thin films are preferred over bulk materials as they provide smooth
model type surfaces that can be studied more easily. A first task of this doctoral project
was to realize model type solid electrolyte thin films of lithium ion conducting garnet-
type phases that were not prepared as thin film so far. Subsequently, structural and
electrochemical characterization of the garnet-type thin films was performed in order to
broaden the knowledge about garnet-type material in general and lithium ion conducting

garnet-type material thin films in particular.
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3.

3.1

Fundamentals

Solid lithium ion conductors

Solid lithium ion conductors are at least partially expected to replace organic electrolytes

with the benefit of possible miniaturization and increased safety [4, 14]. Before

classifying the numerous solid lithium ion conductors the criteria defining a good lithium

ion conductor need to be discussed. The criteria naturally depend on the field of

application. In the following, the criteria for a solid lithium electrolyte that could be used

in an all solid state cell, not necessarily in a thin film cell, are listed.

1l

iii.

1v.

The solid lithium ion conductor should be a thermodynamically stable phase at all
operating conditions. This is required for the long-term stability of the system
[15].

The solid electrolyte should be chemically inert against the applied electrode
materials, including metallic lithium. Hence, the electrochemical window of the
solid electrolyte needs to be wider than the cell voltage which is defined by the
Gibbs free energy of the cell reaction. For high voltage lithium based batteries an

electrochemical window of > 5 V versus Li'/Li is needed.

The lithium ion conductivity (bulk and grain boundary) should be sufficient for
the respective application. This means that the current needed for a certain
application should not be limited by the solid electrolyte. A liquid electrolyte like
EC:PC:LiPF, has a conductivity of about 5-10° S-cm™' [16]. The typical distance
between two electrodes of a standard battery is about 40 pm. Thereby, the specific
resistance (thickness divided by conductivity) is 0.8 Q-cm?”. This value should also
be reached for solid electrolytes. For a solid electrolyte thin film which is typically

about 1 um thick a conductivity of 1.25-10* S-cm™

is required to achieve
0.8 Q-cm”. However, liquid electrolytes have transference numbers for lithium
ions smaller than unity (usually smaller than 0.5) [17]. Thereby, the conductivity
of the solid electrolyte given here is the upper limit and usually a conductivity of

> 10 S-ecm ! should be sufficient.

The solid electrolyte should have a negligible electronic conductivity. Hence, the

lithium transference number has to be close to unity (7 = 1) at the given
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electrochemical potentials (low lithium activity at the positive and high lithium
activity at the negative electrode) [4]. This parameter is crucial for the self-
discharge rate of the cell. A significant electronic conductivity reduces the usable

cell voltage by the formation of a diffusion potential.

v.  The compatibility with the electrode materials concerning the transfer resistance at
the respective phase boundaries needs to be achieved. The transfer resistance for

lithium ions should be as low as possible [18].

vi.  Lithium dendrite growth should be prevented by a mechanically stable and dense

solid electrolyte material in case of lithium metal electrodes.

vii.  The solid electrolyte should be accessible as thin film by conventional industrial

sputtering processes or by chemical thin film deposition methods [19].
viii.  The starting materials need to be abundant (for economic use) [20].
ix.  The solid electrolyte and its chemical constituents should be non-toxic [19].

Xx.  When taking a battery apart the solid electrolyte should be able to be reused or

recycled.

Several solid lithium ion conducting materials are introduced in the following section. So
far, no material is established as standard solid electrolyte for commercial lithium based

battery applications (with the exception of “LiPON” introduced in chapter 3.2).

Perovskite-type oxides — Lithium ion conducting ABOs-type lithium lanthanum titanate
(LLT) of the chemical composition LisLays ,TiO3, which can also be written as
LizLays 1132, Ti03 exhibits A-site vacancies if x < 1/6 ([J). A high room temperature
ionic conductivity of ¢~ 107 S-em™ for x=0.11 [21] of single crystals is enabled by
those A-site vacancies. However, polycrystalline LLT shows a decreased lithium ion
conductivity of about ¢~ 10> S.cm' due to a high grain boundary resistance [22].
Furthermore, contact to strong reducing materials like metallic lithium leads to a
reduction of Ti*" resulting in an electronic conductivity increase [23]. Further information
about this perovskite-type lithium ion conductors can be found in the review articles from

Bohnke and Stramare et al [23, 24].

NASICON - This acronym stands for sodium super ionic conductor and originally was
used for the phosphate-based phase NaM,(PO,); (M = Ge, Ti, Zr) which was first reported
in 1968 [25]. The NASICON type sodium conducting structure was transferred to lithium
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ion conducting solid electrolytes. By partial substitution of the tetravalent metal cation
(M™) with a trivalent dopant (e.g., Al, La, Y, Sc) [26] the ion conductivity can be
increased. Among the Al-doped materials the phase Li;3Aly3Ti; 7(POs); (LATP) has the
highest conductivity of about o= 3-10" S-cm ' [26]. However, LATP is not stable versus

metallic lithium due to reduction of Ti*" [27].

LISICON - The acronym LISICON (lithium super ionic conductor), was first coined to
denote Lij4Zn(GeOy)s [28, 29] which has a lithium ion conductivity of about
o~ 107 S.em ', and which describes a whole class of lithium ion conducting materials.
By replacing the oxide ions of the LISICON structure with sulfide ions, which are larger
and easier to polarize, the conductivity can be increased. The so-called thio-LISICON
was introduced by Kanno et al. [30-32] Lis:, sGa,Ss4 exhibits a conductivity of about
6=610°S-¢cm! for x = 0.25 and by addition of a silicon constituent (Li34Sig4PosS4) a
conductivity of o= 6.410°* S.em™' [31] was obtained. The main drawback of the

LISICON-type materials is their instability versus metallic lithium and CO, [3].

Li;N — Lithium nitride crystallizes in a layered structure and thus exhibits anisotropic
lithium ion conduction. Single crystals of Li3N show a lithium ion conductivity of about
0=1.210" S-cm ' perpendicular to the c-axis [33] and a conductivity of about o= 1-10"
S-cm' along the c-axis [33] at 27 °C. Due to the anisotropy of the lithium ion conduction
the conductivity of polycrystalline material is lower than 10~ S-cm' [34]. Furthermore,

the material decomposes at potentials of 0.44 V versus Li'/Li [35].

Li,S-based glasses and glass ceramics — Lithium ion conducting glasses and glass
ceramics based on Li,S with further addition of other oxides or sulfides can be prepared
by mechanical milling or melt quenching. Two representative compounds are Li,S-GeS,
and Li,S-P»Ss each with variable Li,S-to-GeS,/P,Ss ratio. The conductivities are about
6~4107 S'em™' and o~ 2:10* S:em™ for 50Li,S-50GeS; and 75Li,S-25P,Ss [36] (the
numbers in front of the respective materials denote the composition as used in literature),
respectively. Further sulfides, oxides or phosphates can be added to tune the material
properties (e.g., SiS;, LisSiO4) [37]. These lithium ion glasses tend to be strongly
hygroscopic and deliquesce in contact with aqueous electrolytes or at ambient air under

release of H,S [38].
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Garnet-type materials — The first reported lithium ion conducting garnet-type material
was LisLasM,0;, (M = Nb, Ta) [18] which is related to the A3B,(X0O4); garnet structure.
This garnet-type material crystallizes in a cubic Ia3d space group and has a conductivity
of about ¢~ 107° S-cm™' [18]. The M sites and the La sites can be substituted in order to

increase the concentration of lithium in the structure.

Possible substituents for the M site (16a position, valence +5) are cations with a valence
of +4 with a diameter of approximately 80 pm [39]. For that purpose Zr*" is favored with
a diameter of 86 pm [40]. Furthermore, Zr-doped lithium ion conducting garnets are
stable in contact with metallic lithium and an increase of the lithium ion concentration
within the garnet-type structure is caused by means of electro-neutrality. A drawback of
solely zirconium garnet-type material - Li;La3;Zr,Oy; - is the need of stabilization of the
cubic phase by addition of Al,O3 or Ga,O3 during synthesis. Otherwise a tetragonal phase
with lower lithium ion conductivity compared to the cubic phase is obtained [9].The
conductivity of cubic LisLa;Zr,O,; stabilized with Al,O; can reach o= 410*S-cm ™! [9],
for LisLa3;Zr,01; stabilized with Ga,Os conductivities of up to o= 5.4 10*S-cm! [41] are
reported. The A" as well as the Ga®" cations tend to occupy the 24d [9] and 96/ [42]
sites, which are regularly occupied by Li", thereby lowering the lithium content of the
garnet-type material (1 A’ = 1 Ga’" = 3 Li"). The amount of aluminum and gallium
needed for the stabilization of the cubic garnet-type phase can be reduced by partial re-
substitution of zirconium by tantalum. A survey of these materials is given in detail in the
literature [39]. An overview of the conductivities of these materials is given in an
Arrhenius plot in Figure 1. For completeness, the LigBala;Ta;O,, phase is depicted as
well in Figure 1. The garnet-type materials stabilized with Al,O; are labeled by
“Lis_La3Zr, \Ta,012:Al”. The replacement of Li" in the garnet-type structure by A’ or
Ga®" is not included in the chemical formula for these garnet-type phases in this thesis,
because the total amount of AI’* and Ga" in the lattice cannot be given exactly. This is
due to the fact that the addition of Al,O3 or Ga,0; results also in the formation of a glass

matrix around the garnet-type particles [41].

Another strategy to improve the conductivity of the LisLasTa;O1, phase is the substitution
of La with a valence of +3 by a cation with a valence of +2. The doping of the solely
tantalum containing LisLas3Ta,0,, garnet-type phase by addition of an earth alkali cation

on the lanthanum 24c site affects the lithium ion conductivity in two ways: First, the
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lithium ion content is raised in accordance with the amount of earth alkali introduced into
the garnet-type structure by means of electroneutrality. The increase of the lithium content
in the garnet lattice caused by means of electroneutrality can be explained considering the
formula of the garnet-type material. C denotes an earth alkali cation on a 24c La site
Lis+,Las,C,Ta;O1o. Second, the lattice parameter increases widening the lattice and
thereby reducing the activation energy for ion jumps [20, 43]. Both effects add to an
increase in lithium ion conductivity. Barium is the favored earth alkali for this type of
doping, because its contribution to the lattice widening of the garnet-type structure is the
highest compared to other earth alkalis with smaller diameter. The conductivity of

LicBala,Ta;0;, garnet-type material is about o = 4- 10° S-cm! [44].
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Figure 1: Modified survey of the conductivity of different garnet-type materials after
Buschmann et al.[39]. Additionally, the activation energies for the ionic conductivity are

displayed. An arrow with a dashed grey line indicates room temperature (RT).
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A good survey of the different garnet-type materials is given in the review of Thangadurai
et al. [19]. The structure of the garnet-type materials is discussed extensively in the
publications of Cussen et al. [45-47], Buschmann et al. [9] and Loggat et al. [48]. Besides
their potential application as solid electrolytes for lithium ion batteries, garnet-type
LigBala;Ta;O,, has been used to prepare potentiometric CO, gas sensors which were
successfully tested in a temperature range from 300 °C to 500 °C by Zhu et al. [49]. The
use of lithium ion conducting garnet-type materials as CO, gas sensor is quite odd, as

these materials tend to react with CO; (in humid air) [13].

3.2 Lithium ion conducting thin films

The demands on lithium ion conducting thin films are the same as stated in chapter 3.1,
but need further explanation. Additionally, atmosphere and temperature during the
electrolyte deposition process need to be considered as the electrode material could
otherwise be damaged e.g., by reduction/oxidation, undesired side reactions or by a phase
transformation. Some electrode/electrolyte compositions are therefore not suitable, as the

deposition parameters of one material will affect the previously applied thin film.

Furthermore, the deposited electrolyte thin film needs to be free of cracks and pinholes in
order to prevent later short circuits of the electrodes. Cracks can be formed by strain due
to lattice mismatch with the substrate or by different thermal expansion coefficients. A
flexible electrolyte thin film would also be preferred to compensate volume changes of

the electrodes during cycling.

Until now, mainly nitrogen doped glassy Li;PO4 (“LiPON”) is utilized as a lithium ion
conducting thin film electrolyte. The conductivity of this material is about 2:10° S-cm
with an activation energy of about 0.4 eV - 0.6 eV [50, 51]. A big advantage of “LiPON”
compared to most other thin film electrolytes is its rather simple deposition by radio
frequency sputter deposition using a Li;POy target in nitrogen atmosphere, which can
easily be upscaled to larger areas. Furthermore, “LiPON” is stable in contact with metallic

lithium [52, 53].
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Inspired by “LiPON” deposition Li,SO,4 was also ablated by radio frequency magnetron
sputter deposition under nitrogen atmosphere. In accordance with “LiPON” this material
was named as “LiSON”. “LiSON” conductivity is only reported by a single study as
0=2-10" S-cm ' with an activation energy of about 0.47 eV [54].

Until now, mainly “LiPON” and a few other materials were prepared as lithium ion
conducting thin films. These are summarized in Table 1. The highest lithium ion
conductivity was reached by 80Li,S-20P,Ss thin films, especially after a subsequent heat
treatment (see Ref. [55] for detailed information). However, a practical drawback is the

decomposition of Li,S-P,Ss thin films under release of H,S in contact with air [38].

Also garnet-type phases are a promising class of lithium ion conducting solid electrolytes.
At the beginning of this thesis project in 2010 these had only been synthesized as bulk
material. In 2013 Kim et al. reported the successful preparation of Al,O3 stabilized
Li;sLasZr,O thin films [56] with conductivities of about o=2.5-10"° S-cm™" for (100)
oriented and o= 1-10" S-cm™' for (111) oriented thin films on gadolinium gallium garnet
(GGG — Gd3Gas0yy) by pulsed laser deposition. So far sputter deposition experiments of
garnet-type materials were not successful and only amorphous films were obtained [57]
which need to be crystallized in a subsequent step [58]. The amorphous and subsequently
laser annealed garnet-type thin films show comparably poor conductivities of about

0=4-10" S.em™" and o= 7.36-10"" S-em ™', respectively.

Two garnet-type phases are of particular interest as materials for the preparation of
electrolyte thin films due to their transport properties: The cubic phase of LisLa3;Zr,01;
(stabilized by AlO;, Ga,Os; or by re-substitution of zirconium by tantalum) and
LicBalLa,;Ta;01,, as these show the highest lithium ion conductivity. The deposition of
LigBala;Ta;O1; is expected to be easier because no tetragonal phase of this garnet-type

material is known.
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Table 1: Summary of lithium ion conducting thin films, their deposition method,
conductivity at room temperature orr and activation energy E,. The asterisk (*) at the

Li,S-Li,Ss thin film indicates that this value was obtained after heat treatment.

Material Deposition orr/Sem' E,/eV
method

“LiPON” [50, 51] f-MS 2:107° 0.4 —0.6
“LiSON” [54] f-MS 2:107 0.47
Li;PO4[59] PLD 5.1-107 0.59
Li4Si04[59] PLD 1.2:10°® 0.64
50Li4Si04-50LisPO4[59] PLD 1.6-10°° 0.53
80Li,S-20P,S5[55] PLD 7.9-107 0.44
80Li,S-20P,S5 [55] PLD (2.8-107H*  (0.39)*
c-Li;La;Zr,015(100) [56] PLD 2.510°° 0.52
c-Li;La;Zr,012(111) [56]  PLD 1-107° 0.55
c-LizLa3Zr;O1; [58] PLD 736107 0.32
Li-La-Zr-O [57] Rf-MS 4.107 0.70

Deposition methods: rf-MS: radio frequency magnetron sputtering, PLD: pulsed laser deposition.
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3.3 All solid state batteries

The expected advantages of all solid state lithium batteries are safety, reliability and the
possible use of high voltage cathode materials compared to conventional lithium ion
batteries with organic electrolytes. These advantages are gained through the omission of
liquid electrolyte. Oxide solid electrolytes are non-flammable, have no leakage of a liquid
phase [14] and have, depending on the solid electrolyte, a wide electrochemical window

of operation versus Li'/Li.

When discussing all solid state batteries one has to differentiate between all solid state
thin film batteries on the one hand and solid state bulk batteries (thick film batteries) on
the other hand. All solid state thin film batteries are prepared by vapor deposition
techniques, mainly by sputter deposition or pulsed laser deposition. Thereby, the
thickness of one cell is restricted to a few um; commercially available all solid state thin
film batteries have a thickness of up to 10 pum, including the metal substrate and

excluding the housing.

A schematic illustration of the general fabrication steps needed to build an all solid state
thin film battery is depicted in Figure 2. Figure 2 a) shows the substrate which needs to be
suited to deposit the different battery components. Furthermore, the substrate needs to be
smooth in order to avoid short circuits induced by defects. Figure 2 b) shows the
deposition of the metallic electrode contacts. The big contact pad is for the positive
electrode (deposited first) and the smaller contact pad is for the second, negative
electrode. The deposition of the first electrode is shown in c). After the deposition of the
positive electrode the solid electrolyte thin film is applied on top of the electrode thin film
(Figure 2d), covering an area larger than the area of the first applied electrode. Hence,
there is no direct contact between the first and the second electrode. The negative
electrode, applied in step e), is deposited with the same electrode area as the first
electrode with the exception of the connection to the electrode contact pad. In a last step

f) the all solid state thin film battery is encapsulated, e.g., by a compound foil.
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Fabrication of all solid state thin film batteries

e

a) Substrate b) Electrode contacts ¢) Electrode (+)

f) Encapsulation e) Electrode (-) d) Solid electrolyte

Figure 2: Schematic illustration of the necessary fabrication steps of an all solid state thin
film battery via a vapor deposition process. a) Shows the substrate on which the electrode
contacts are deposited in a first step b). Afterwards, the first electrode gets deposited c)
(usually the positive electrode), followed by the solid electrolyte thin film d). e) and f)
depict the deposition of the second electrode (negative) and the encapsulation,

respectively.

The reason that “LiPON” is mainly used as solid electrolyte for thin film batteries, despite
its low conductivity, is its favorable combination of other properties. “LiPON” combines
a good chemical and electrochemical stability with acceptable lithium ion conductivity.
One key feature of “LiPON” is that it can be obtained via sputter deposition at room
temperature, due to the fact that “LiPON” is an amorphous material. Several other lithium
solid electrolyte thin films (listed in chapter 3.2) exist, but usually these exhibit too low
conductivities (< 10° S«em ™). An exception are Li,S-based systems which exhibit high
jonic conductivities (> 10 S-ecm™') and can be deposited as amorphous material or as

glass-ceramic, but are rather unstable in air and decompose partly to H,S [38].

An overview of selected all solid state thin film lithium cells is given in Table 2.

Displayed are the compositions of the solid electrolytes as well as anode and cathode

15
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materials and, if available, the preparation method along with their respective thickness
(in square brackets; > denotes the total thickness of anode, cathode and solid electrolyte).
Furthermore, the potential window used for cycling is given with the current density and
the number of cycles reached. The capacity of the thin film cell, the energy density (the
potential used for the calculation is given in brackets and was estimated from the
respective discharge behavior of the cell as it is shown in the reference) as well as the

year of publication with the reference at the end is given.
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Overview of secondary lithium thin film cells.

Table 2
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Deposition method is given in brackets if available. TE: thermal evaporation, S: sputter deposition, rf: radio

frequency, MS: magnetron sputtering, CVD: chemical vapor deposition, PLD: pulsed laser deposition.

17



Fundamentals

18

LiCoO; is the favored positive electrode material for the preparation of solid state lithium
thin film batteries, followed by LiMn,0O4 The negative electrode material of choice is
metallic lithium which is quite remarkable as metallic lithium undergoes a dramatic
volume change during cycling, which may cause an unstable electrode/electrolyte
interface. The processes that take place at the interface between a metallic lithium
electrode and the solid electrolyte in an all solid state battery are shown schematically in
Figure 3. The positive electrode material is depicted as ‘counter electrode’. Figure 3 a)
shows the cell under open circuit conditions - the cell is in equilibrium (if the solid
electrolyte shows no electronic conductivity). The interface between the metallic lithium
electrode and the solid electrolyte is smooth, and the electric field inside the solid
electrolyte is homogeneous (not shown in the figure). Figure 3 b) shows the cell during
discharge (as indicated by the glowing light bulb). Lithium stripping starts at the interface
between the metallic lithium electrode and the solid electrolyte, injecting lithium
vacancies into the lithium electrode, as lithium ions migrate towards the negative
electrode. The interface between solid electrolyte and the respective parent metal
electrode was intensively studied e. g. by Rickert et al. [78-80] and later by Janek et al.
[81-85]. Mainly the interface between silver and a silver solid electrolyte (AglAg,X -

X = halogenide or sulfide) was studied.

Voids may also be formed during charging of the cell, as the lithium plating can only
occur at the interface between the solid electrolyte and the metallic lithium electrode. If
the lithium plating is not homogeneous lithium voids will occur, which lead to the same

phenomenon as already described for the discharge of the cell.
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Figure 3: Schematic illustration of the processes at a metallic lithium electrode in an all
solid state battery. a) Shows the cell with a smooth interface between the metallic lithium
electrode and the solid electrolyte, there is no charge transfer. b) Shows the cell during
discharge, the current is unequal to zero. The lithium stripping causes the formation of

lithium vacancies at the interface between the lithium electrode and the solid electrolyte.

Due to the lithium vacancies formed at the interface the electric field becomes
inhomogeneous, and the contact area between the lithium electrode and the solid
electrolyte decreases. Under potentiostatic conditions, the current (/) of the cell decreases
as the resistance (R) increases because of the lowered contact area (A4) according to

Eq. 3.1 and Eq. 3.2:

(3.1)

(3.2)

=
I

Q-

|~

The spacing (/) between the electrodes and the conductivity (o) of the solid electrolyte
remain constant. Galvanostatic conditions can lead to temporary instabilities. The applied

voltage under galvanostatic conditions becomes a function of time U(f). Sometimes even
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periodic voltage oscillations [81, 85] can occur at the parent metal[solid electrolyte
interface. Critical for the occurrence of these voltage oscillations are the current density
and the applied mechanical pressure. The frequency of the oscillation increases with
increasing current density, due to the higher reaction rate of the anodic dissolution. A
possible version of this reaction adopted for a lithium solid electrolyte (SE) is depicted in

Eq. 3.3 using Kroger-Vink notation.

Lif;(Li) + V{;(SE) = Lif;(SE) + Vi;(Li)
(3.3)
V(L) = V(LD + €' (L)

The structure element Lif;(Li) stands for a lithium atom in the lithium lattice and V{;(SE)
stands for a lithium ion vacancy in the solid electrolyte. A transfer of lithium from the
lithium metal electrode onto the position of a lithium ion vacancy in the solid electrolyte
leads to Lif;(SE) - a lithium ion on a lithium ion position in the solid electrolyte. Thereby
a lithium vacancy V[ (Li) is formed (injected) in the lithium electrode. As can be seen
from Eq. 3.3 a constant current leads to a constant rate of vacancy formation in the parent
metal electrode. The formation of vacancies and thereby the formation of voids can lead
to degradation of the interface between the solid electrolyte and the metal electrode if the
solid electrolyte or the metal electrode are unable to react to the local contact rupture by
plastic deformation. The diffusion of the lithium vacancies in the metal electrode away
from the solid electrolytelmetal electrode interface can lead to a stabilization of the
morphology (these processes are usually slow at room temperature). A possible solution
to this problem is the application of high pressure so that the metal electrode, in our case
lithium, undergoes a plastic deformation. Furthermore, low current densities (i.e., more
time for lithium vacancy diffusion in the metal) and higher temperatures (i.e., increasing
the vacancy diffusion and thus leading to a higher plasticity of the lithium electrode) may
help to stabilize the interface. However, all solid state lithium batteries show stable
cyclability even if metallic lithium electrodes are utilized. To further improve the
cyclability of an all solid state cell with metallic lithium electrodes several techniques can
be applied. One technique is the doping or alloying of the lithium metal electrode. Either
another metal, e.g., aluminum, is added to improve the mechanical properties, or a small
interphase is added between the metallic lithium electrode and the solid electrolyte. This

interphase is often generated by the deposition of a thin metal film, e.g., indium, on the
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solid electrolyte, which then alloys with the metallic lithium. This interphase improves
the contact between electrode and solid electrolyte as the formation of voids is prevented
by the redox inactive metallic (indium) framework structure. Hence, the whole solid

electrolyte surface keeps contact.

Another way of improving the cyclability is the use of additional lithium on the negative
electrode side. The cell itself does in principle not need additional lithium on the negative
electrode if the cell is assembled in the discharged state. In the discharged state the
positive electrode is lithium rich, and lithium is deposited cathodically on the lithium
electrode during the first charge of the cell. By applying a lithium electrode the
mechanical pressure is raised when the cell gets charged, but the ductile lithium is able to
compensate the tension by plastic deformation. By vacuum sealing these cells into
pouches, before they are charged for the first time, a pressure is applied on the ductile
lithium electrode so that the lithium is mechanically pressed onto the solid electrolyte.
Hence, the formation of larger voids is prevented and the electrode|solid electrolyte
interface remains homogeneous. Another advantage of this procedure is that cathodically
deposited lithium should be able to be anodically dissolved with high current densities
and low over-voltages, as shown for the dissolving of silver whiskers in contact with

a-Ag,S by Corish et al. [86].

There are also other interesting solid electrolytes besides “LiPON” that can be used for
the fabrication of all solid state secondary lithium batteries. Li,S-based solid electrolytes
are interesting candidates because they show a high lithium ion conductivity and can be
used as solid electrolyte in all solid state thin film batteries [77] as well as in all solid state
bulk batteries [87-89]. These bulk all solid state batteries are able to circumvent the
problem of low battery capacities which thin film batteries have. The construction of an
all solid state bulk battery consists as well of a positive and negative electrode, separated
by a solid electrolyte as depicted in Figure 4. Due to the absence of a liquid electrolyte
(that usually ensures the ionic connectivity, also for the often poor ion conducting (active)
electrode particles) an additional ion conduction path is needed. Therefore, particles of
the solid electrolyte can be added to the electrode with the purpose to raise the overall
ionic conductivity. Furthermore, electronic conducting particles like graphite are needed
if the electrode material exhibits a low electronic conductivity. The difference to an all

solid state thin film battery is thereby, besides the thickness, the introduction of ionic
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and/or electronic conducting particles, which form a percolation network that ensures the
connectivity of the electrode material. In addition, a binder can be added to the electrode
composition in order to establish the needed cohesion and buffer volume changes. A
(modified) scheme of an all solid state bulk battery as used by Kotobuki et al. [90] is
presented in Figure 4. The solid electrolyte can be formed solely from particles of a solid
ion conductor or by solid ion conducting particles in an ion conducting matrix. This
matrix can for instance be a polymer [91] or an amorphous material improving the

mechanical or electrochemical characteristics of the solid electrolyte.

Graphite P Binder

Anode particle

Solid electrolyte

Solid electrolyte
particles

Graphite
Cathode particle

Positive electrode
Solid electrolyte

Solid electrolyte
Amorphous solid

electrolyte (Matrix)

Figure 4: Scheme of an all solid state bulk battery after Ref. [92] (modified). The
electrode electrolyte contact area is increased through the 3D structure of the battery. The

magnifications show the compositions of the electrodes and of the solid electrolyte.

The 3D structure of the battery depicted in Figure 4 increases the contact area between
the electrodes and the solid electrolyte. Thus, the resistance of the solid electrolyte is
lowered and the accessible electrode surface is increased which leads to an accelerated
‘macroscopic kinetics’ (the improvement of the kinetics is due to the increased interface
area) of the battery. Hence, the achievable maximum current is raised which is
accompanied by a faster cycle rate of the cell. An overview of bulk solid state cells is
given in Table 3. The potential used for the calculation of the energy density was
estimated from the respective discharge behavior of the cell as it is shown in the

reference.
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Overview of selected bulk all solid state lithium cells.

Table 3
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* Cycling was performed at 60 °C. 1: This setup showed higher capacity than

theoretically expected at the first cycles, the role of the CMK-3 is not entirely clear.

T Li3BOs was used as solid electrolyte in the cathode. #: The mass was calculated from

the dimensions and density of the respective material.
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A still unsolved problem in all solid state bulk batteries is poor cyclability and insufficient
utilization of the active material of the electrode. Furthermore, the ratio of electrode
material to solid electrolyte should have a high value. However, the ratio in bulk solid
state batteries is unfavorable and leads to rather small energy densities. Another parameter
that needs further improvement is the current density with which the bulk batteries can be
cycled. These bulk batteries often run into a diffusion limitation (mainly of the active
species), which has a big influence on the capacity of the cell. Due to high rates during
cycling the capacity of the bulk battery cannot be fully utilized, thereby limiting the
retrievable capacity. This diffusion limitation is the reason that the ratio of the electrode
material compared to the solid electrolyte is so unfavorable. If the mass of the electrode
material would be raised, in order to achieve higher energy densities, the electrode
material would become thicker. As a consequence small current densities are needed for
utilizing the whole active material. At high current densities the active material further

away from the solid electrolyte would not be accessible due to the diffusion limitation.
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34 Ion conducting membranes

A possible way to combine the advantages of a battery with liquid electrolyte and the ion-
selective characteristics of a solid ion conductor would be a solid electrolyte coated thin
and porous separator. Introduced into a ‘conventional” battery with liquid electrolyte the
solid electrolyte membrane would allow the transport of lithium ions and would suppress
the diffusion of other species from one electrode to another. Furthermore, the particulate
electrode design with its high capacities compared to all solid state (thin film) batteries
could be maintained. This setup would be particularly useful to prevent any kind of

shuttle mechanism like it is observed in Li-S cells [100].

The electrochemical reaction that forms the basis of energy storage in Li-S cells is shown

in Eq. 3.4. The thermodynamic cell voltage of this reaction is about 2.15 V [1].

Sg + 16 Lit + 16 e~ = 8 Li,S (3.4)

In case of a conventional Li-S cell without ion-selective membrane, polysulfide species
Li,S, (8 < n > 3) are soluble in the liquid organic electrolyte and are thereby able to
migrate from the sulfur electrode to the lithium electrode (cf. Figure 5). The sulfur
electrode itself consists mainly of cyclo-Sg, which is the most stable allotrope at room
temperature. Cyclo-Sg reacts with lithium according to Eq. 3.5a to Li,Sg at the sulfur
electrode Li,Sg is then able to dissolve into the liquid organic electrolyte, forming a
catholyte. The solved Li,Sg can react further with lithium forming polysulfide species
with shorter chain lengths (Eq. 3.5b) until the insoluble Li,S; is formed (Eq. 3.5¢). The
reduction from insoluble Li,S, to Li,S (Eq. 3.5d) is kinetically slow due to the low

electronic conductivity of Li,S,.

Sg + 2Li = Li,Sq (3.52)

Li,Sg + 2Li = Li,Sg_p, + Li,S,, (3.5b)
2Li,S, + 2(n — 2)Li = nLi,S, (3.5¢)
Li,S, + 2Li = 2Li,S (3.5d)
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In the end this leads to the deposition of electronically inactive Li,S, and Li,S at the
anode and to a migration of the still solved polysulfide species between both electrodes.
Besides the reduction of polysulfide species, oxidation is also possible, inverting the

reactions shown in Eq. 3.5. The resulting cyclic behavior is called ‘shuttle mechanism’.

The shuttle mechanism in Li-S cells is a major problem and leads to a shortened life time
of the battery and additionally to a low coulombic efficiency of the cell if no shuttle
suppressing additives are used [100]. A schematic illustration of a Li-S cell with shuttle
mechanism is shown in Figure 5. Depicted is the setup of a Li-S cell with a metallic
lithium electrode on the left, which is ionically connected through the liquid electrolyte to
a sulfur electrode on the right. Possible sulfur species that can occur are given on the
sulfur electrode and are depicted between both electrodes. The detail of the sulfur
electrode shows the composition, consisting of sulfur and graphite particles blended with
a polymer binder. The circular arrows between the electrodes indicate the shuttle
mechanism of the polysulfide species. Different polysulfide species have varying colors
changing from reddish for Li,Ss to green and blue for the polysulfide species with shorter

chain length. The color change is implied in the figure by the circular arrows.
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Figure 5: Illustration of the shuttle mechanism inside a Li-S cell.
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Another problem arising in a Li-S cell can be the decomposition of the organic electrolyte
at the lithium electrode, which can also lead to an early cell death. Despite their problems
Li-S cells are regarded as a potential future lithium battery technology with a notable
gravimetric energy density combined with the low resource costs of the sulfur electrode.
The theoretical energy density of Li-S cells is about 2199 Wh-I"' (based on the sum of the
volumes of Li at the beginning and Li,S at the end of discharge) [5] and the theoretical
specific energy is 2567 Wh'kg' [5].The theoretical gravimetric capacity is about
1675 mAh-g ' [101, 102]. The practical values that can be achieved are lower. For the
specific energy a practical value of up to 350 Wh-kgﬁ1 was achieved and it is expected
that values of about 600 Wh~kg71 can be achieved in the near future [5] if the problems of

electrolyte decomposition can be overcome.

The introduction of an impermeable ion-selective membrane in a Li-S cell with liquid
electrolyte mechanically prevents the shuttle of polysulfide species from the sulfur
electrode to the metallic lithium electrode. Such an assembly of a Li-S cell with an ion-
selective membrane is shown schematically in Figure 6. The mechanical separation of the
two electrode compartments allows the use of two different liquid electrolytes, facilitating
the individual adjustment of the liquid electrolyte to the respective electrode. In contrast
to an all solid state concept one thus evades the problem of a high interface resistance
between the solid electrolyte and the active material of the electrodes. This improvement
is at the expense of a newly introduced transfer resistance between the two liquid
electrolytes and the solid electrolyte membrane Ry(I) and Ry(II) (R«(I) and Ry(II) do not
necessarily have the same values). Additionally, the resistance of the solid electrolyte
(Rse) needs to be taken into account. The catholyte is maintained but its volume
expansion is restricted to the sulfur electrode compartment. The different polysulfide
species are represented by their respective color in the frame of the sulfur electrode

compartment.
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Figure 6: By insertion of a solid electrolyte membrane/solid electrolyte into a Li-S cell
the shuttle mechanism is suppressed, without losing the advantage of a cell with liquid

electrolyte.

The interface region between a solid and liquid electrolyte is illustrated in detail in
Figure 7 [103]. The activation energy barriers for the charge transport are schematically
depicted. The activation energy of ion conduction can be obtained from temperature
dependent conductivity measurements of the single compound (solid electrolyte, liquid
electrolyte). The activation energy of charge transfer at the interface between the solid
and the liquid electrolyte can subsequently be determined by temperature dependent
conductivity measurements of a solid-liquid cell. If possible a 4-point conductivity
measurement should be conducted to exclude effects caused from the

electrode/electrolyte contact.
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Figure 7: Detailed illustration of the interface between a solid and a liquid electrolyte
[103] (acknowledgement Dr. Bjoern Luerfen/M. R. Busche). The activation energy
barriers for the charge transfer in the solid electrolyte, the interface region and the liquid

electrolyte are schematically depicted.
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4. Experimental

4.1 Synthesis

Six different lithium ion conducting garnet-type phases were prepared out of the variety
of garnet-type phases. These bulk materials were mainly prepared for the use as targets
during the PLD process. The prepared garnet-type bulk materials can be classified in
three groups. This classification is based upon the type(s) of cation(s) at the 16a site of
the garnet type material as given in the subsequent listing. The 16a site can be occupied
by cations with a charge number of +4 or +5, with a diameter of approximately 80 pm
[39]. Two suitable cations are Zr*" and Ta’* with diameters of 86 pm [40] and 78 pm
[104], respectively.

Group [: Ta’" at the 16a position
Group II: Zr*" at the 164 position

Group I1I: Zr*" and Ta’" at the 164 position

4.1.1 Synthesis of garnet-type bulk materials

The solid state synthesis of LigBala,Ta,O;, was performed as described in
literature [105]. Li,CO3 (99.998 %, Alfa Aesar, USA), BaCO; (99.95 %, Alfa Aesar),
La,03 (99.99 %, ChemPur GmbH, Germany; pre-dried at 900 °C for 12 h in air) and
Tay05(99.9 %, Chempur) were used for the high temperature synthesis of the garnet-type
LicBala,;Ta,0;, material. To compensate lithium loss due to a volatile species as reported
in Ref. [44] an excess of 10 mol% of the lithium source, based on lithium (excess of
5 mol% Li,COs3), was given to the starting materials that were mixed in the appropriate
ratio.

An agate mortar was used for the initial manual mixing. In a subsequent step the grinded
starting materials were ball milled (Pulverisette 5, Fritsch GmbH, Germany) in a zirconia
grinding bowl with 3 mm zirconia balls for 4 h in 2-propanol with 160 rpm. Then the
powder was dried using a rotary evaporator (Hei-VAP Advantage, Heidolph, Germany
with a SC 920 pump from KNF, Germany) and calcined in a Heraeus chamber furnace

(Heraeus, Germany) at 750 °C for 6 h in air. This was followed by another ball milling
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step using the same parameters. The powdered material was heated to 1000 °C for 12 h in
air in an open Al,Os crucible. The material was initially uniaxially pressed to a pellet
(custom made press) with 12.5 MPa. Afterwards, the pellet was compacted further with a
pressure of 400 MPa by cold isostatic pressing (isostatic press, Loomis GmbH, Karlsruhe,
Germany). The resulting pellet was covered in powder of the same composition and
sintered at 1000 °C for 4 h in an open Al,O; crucible at ambient atmosphere. The

prepared pellet had a diameter of 7.66 mm and a thickness of 4.04 mm.

In addition to the pellet for electrochemical characterization, a PLD target was prepared
as described above with the addition of an extra 5 mol% of Li,O (99.5 %, Alfa Aesar)
during the last milling step. The Li,O addition was used to compensate a possible lithium
loss during the PLD process. The obtained garnet-type material was pressed to a pellet
with a diameter of 25 mm. Initially, the pellet was pressed uniaxially (custom made press)
with 12.5 MPa and afterwards compacted with a pressure of 400 MPa by cold isostatic
pressing (isostatic press, Loomis GmbH, Karlsruhe, Germany). The obtained pellet was
covered in powder of the same composition and sintered at 1000 °C for 4 h in an open
Al,Os crucible in air. The resulting pellet had a final diameter of about 21 mm and was
grinded down to a height of 6 mm (the laser spot size was measured at 6 mm height,
thereby a target height of 6 mm ensures correct laser fluence settings). The prepared
garnet-type LigBala,Ta,O;, target was then transferred into a glovebox with argon
atmosphere (Labmaster, MBraun, Germany) with less than 0.1 ppm residual H,O and O,
content. The glovebox was directly connected to the PLD chamber, thereby avoiding that

the target material as well as the prepared thin films were exposed to air.

Besides garnet-type LigBala,Ta,0;, (group I) other lithium ion conducting garnet-type
materials with cubic structure and high lithium ion conductivity (cf. chapter 3.1) were

prepared similarly:
Group II: * Li;La3Zr,0y; stabilized by Ga,0;

Group III: * LigsLasZr; sTag 501, additionally stabilized by Al,O3
* LigsLasZr sTagsO12
. Li6La3Zr1Ta1012

. Li5,5La32r0,5Ta1,5012
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The starting materials for the respective garnet-type material were mixed in the
appropriate ratio with 10 mol% excess of lithium. The process is described in detail in
literature [9, 39] and was analogous to the process described above for the garnet-type
LicBalLa,Ta,O;, material (temperatures during synthesis differed, but are given
in [9, 39]).

An exception from the classical high temperature solid state synthesis was the preparation
of LisLasZr,0,, stabilized by Ga,O;. This garnet-type material was synthesized using a
sol-gel approach as described in literature [41]. The material contained 1.0 mole Ga per
one mole of Li;La3;Zr,0;, and was prepared and kindly provided by Dr. Hany El Shinawi

from our department.

4.1.2 Synthesis of garnet-type thin films

Garnet-type thin films were prepared by PLD. A KrF excimer laser (Compex 201F,
Coherent, USA) with a wavelength of 4 =248 nm and a pulse duration of 25 ns was used
for the process. Before ablation the PLD chamber was evacuated to at least 510~ mbar.
The deposition process took place in pure 5-10* mbar oxygen atmosphere (5N oxygen
was used). For the deposition of a certain garnet-type thin film the appropriate garnet-type
material was used as target. The distance between target and substrate was adjusted to
45 mm. The substrates were heated from the backside, by either a platinum ac heater or
by an IR-laser heater, covering a temperature range from 530 °C to 620 °C. The
temperatures stated either refer to a thermocouple inside the substrate holder directly
behind the substrate or, in the case of the IR-laser heater, the temperature stated refers to a
pyrometer adjusted to the backside of the stainless steel substrate holder. The laser
fluence (laser energy divided by the irradiated area) was set by using a pyroelectric

Sensor.

Garnet-type thin films were deposited on different substrates, among these were
MgO(100), indium tin oxide (ITO) and anodized aluminum oxide (AAQ) substrates. The
depositions on MgO(100) were divided into “single layer thin films”, which means that
only “one” garnet-type material was deposited in one process and into “multilayer thin
films”, denoting garnet-type films with alternating layers of different garnet-type phases.

Besides LigBala,Ta,Oy;, the deposition of all garnet-type materials was performed on
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MgO(100) substrates that were initially covered with a thin (< 100 nm) LigBaLa;Ta;O1;
garnet-type thin film as a buffer layer to avoid cracking of the respective garnet-type thin

film. For the multilayer thin films a simplified notation is introduced at this point:

(X[Y)xn 4.1)

Thereby X denotes the first garnet-type material that was deposited onto the substrate and
Y denotes the second garnet-type thin film that was applied. If the garnet-type multilayer
structure contains no LigBala,Ta,O;, the multilayer structure was deposited onto a
LicBalLa,;Ta;O;, covered MgO(100) substrate. The variable n gives the amount of
bilayers. If not mentioned separately all layers of one multilayer structure were prepared
using a constant amount of laser pulses, leading to the same thickness for each layer. For
instance a multilayer thin film consisting of alternating layers of LigBala,Ta,0,, and
LicLasZr Ta;O, with two LicBala,Ta;O;, and two LigLasZr;Ta;O;, layers would be
depicted by (LigcBaLa,;Ta;O1,|LigLazZr;Ta;O13)%2.

The thin films deposited on MgO(100) are suitable for lateral conductivity measurements,
whereas the ones on ITO and platinum coated MgO(100) substrates are suitable for
conductivity measurements in axial geometry. The MgO(100) substrate was used as a
standard substrate for the deposition of garnet-type thin films as it is a good compromise
between matching lattice parameters and cost efficiency (the possibly better-suited GGG
substrates are approximately three times more expensive than MgO substrates). The cubic
MgO crystal structure (rock salt-type) has a lattice parameter of amgo = 421 pm. The unit
cell of MgO multiplied by three (1263 pm) equals approximately the lattice constant of
garnet-type LigBala;Ta;O12, aigrro= 1296 pm [44] (3:1 commensurability), leading to a
misfit (f) of —2.5 %, according to Eq. 4.1, for LisBaLa,Ta;O1, on a MgO(100) substrate. It
is assumed that the LigBala,Ta;O, thin film undergoes an elastic deformation on top of
the inelastic MgO(100) single crystal. djy gives the length of the lattice plane spacing.

For simplicity a (100) orientation of the garnet-type material was assumed.

f _dy100(MgO) — dy40(LBLTO) (4.1)
LBLTO/Mg0O — dloo(LBLTO)
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A misfit of 2.5 % means that the thin film is compressed parallel to the substrate
(xy-plane) and elongated in z-direction. This probably leads to a semicoherent interface

between the MgO substrate and the LisBal.a;Ta,0,; thin film. The elastic compression of
the thin film (€.110) 1s equal the calculated misfit due to the assumed inelasticity of the

substrate (Eq 4.2). Furthermore, it is assumed that the misfit of the cubic LigBala,;Ta,0;

is identical in x- and y-direction.

€LBLTO = fLBLTO/Mgo
4.2)

emgo = 0

It was already shown that strain can influence ionic conductivity, leading to a reduced
ionic conductivity in the compressively strained plane [106-111]. A detailed discussion of

this topic is given in [112].

Another possible substrate for lithium ion conducting garnet-type materials is porous
AAO. By deposition of a garnet-type thin film on top of the AAO substrate an ion-

selective membrane is created, which can then be used in hybrid cells.
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4.1.2.1 Single layer thin films

Single layer thin films were prepared on various substrates such as MgO(100), ITO,
Ohara electrolyte and AAO. The following targets were used yielding the corresponding
garnet-type thin film:

Group I: » LicBalLa,;Ta,01,
Group II: » Li;La3Zr,04, stabilized by Ga03
Group III: * LigsLasZr; sTag s0;, additionally stabilized by Al,O3

* LigsLasZr 5Tag 5012
b Li6La3ZI'1T31012
. Li5,5La32r0_5Ta1_5012

In case of LigBala,Ta,O;, the garnet-type thin films were directly deposited onto an
untreated MgO(100) substrate. All other remaining garnet-type phases were deposited
onto a MgO(100) substrate that was previously coated with a thin layer (< 100 nm) of
LigBala,TayO1,.

The substrates were glued to the substrate holder by conductive silver paint. The substrate
to target distance was 45 mm. Before the ablation process was carried out the PLD
chamber was evacuated to 5-10° mbar. Thereafter, a mass flow controller pumped
oxygen into the recipient setting the pressure to 5-10° mbar. The substrate was
simultaneously heated from the backside by a platinum ac-heater to the desired
temperature (3= 530 °C - 600 °C) with a rate of 10 °C-min . The amount of laser pulses
was set according to the desired film thickness. The frequency of the KrF laser was 10 Hz
for all ablation processes. The laser fluence was adjusted to values between 2 J-cm > and
4 J-cm™. After deposition, the O, pressure was raised to 0.1 mbar, while at the same time
the temperature was lowered by 10 °C-min" until 300 °C were reached. All deposition

parameters are summarized in Table 4.
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Table 4: Summarized process parameters for the deposition of garnet-type single layer

thin films by PLD.

Prior to deposition  p /mbar 5107
Target substrate distance / mm 45
Deposition p / mbar 5.1072
Gas atmosphere 0, (5N)
g/ °C 530 °C - 600 °C
Laser fluence / J-cm 2-4
Laser frequency / Hz 10
After Deposition p / mbar 0.1
Gas atmosphere 0, (5N)
Temperature ramp / °C-min ' 10
AC heater switch off temperature / °C 300
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4.1.2.2 Multilayer thin films

The deposition of multilayer thin films was performed exclusively on MgO(100)
substrates with a thin LigBalLa,Ta,O;, layer using the IR-laser heater. The substrates were
attached to the substrate holder by conductive silver paint. One small corner of the
substrates was covered with a piece of aluminum foil in order to determine the film
thickness of the deposited layer. Three different garnet-type targets, representing all three

groups, were used for the deposition of garnet-type multilayers:

GI'OU.p I: ° Li6BaLa2Ta2012
Group II: * Li;La3Zr,0y; stabilized by Ga,03
Group I1I: * LigsLasZr; sTag 501, additionally stabilized by Al,Os

Prior to the deposition the recipient of the PLD was evacuated to 1-10° mbar. The
deposition process took place in pure 5-10° mbar oxygen atmosphere. The
LigBalLa,TayO;, garnet-type layers were prepared at 550 °C. For comparison
all  other garnet-type layers were prepared at 600°C. Only one
(LigsLasZr; sTag 5012:Al,03|Li7La3Zr,01,:Ga;03)%5 multilayer thin film was prepared at
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620 °C to explore a possible temperature influence during deposition. Depositions at this
temperature are critical as 620 °C is close to the decomposition temperature of the garnet-
type thin films. At temperatures higher than 620 °C the binary metal oxides and other
mixed metal oxides are often obtained in addition to the garnet-type phase as determined
by X-ray diffraction. The fluence of the laser for the deposition of all garnet-type
multilayer thin films was set to 4 J-cm . The number of pulses taken was adjusted to the
desired thickness of the thin film (around 40,000 pulses usually). The laser frequency was
set to 10 Hz. The temperature ramp after deposition was set to 10 °C-min"' until a
temperature of 350 °C was reached, then the IR-laser heater was switched off. The
pyrometer used for the temperature control has a lower limit of 320 °C. That is the reason
why temperatures lower than this value cannot be detected. Hence, lower temperatures
cannot be achieved using the IR-laser heater. All deposition parameters are summarized in

Table 5.

Table 5: Summarized process parameters for deposition of garnet-type multilayer thin

films by PLD.

Prior to deposition  Substrate MgO(100)
p /mbar 1-10°7°
Target substrate distance / mm 45
Deposition p / mbar 5107
Gas atmosphere 0, (5N)
4/°C 550 °C - 620 °C
Laser fluence / J-cm > 4
Laser frequency / Hz 10
After Deposition p / mbar 0.1
Gas atmosphere 0, (5N)
Temperature ramp / °C-min " 10
IR heater switch off temperature / °C 350

37



Experimental

4.1.2.3 Garnet-type membranes

The deposition of garnet-type LigBala,;Ta,0, thin films on porous AAO was carried out
using PLD. The process is schematically shown in Figure 6. The laser fluence was
adjusted to 3 J-cm ™ and the frequency to 10 Hz. The target rotation was set to 19 rpm and
a target wobble ensured a uniform ablation of the garnet-type target material. Prior to the
PLD process the PLD chamber was evacuated to 5-107 mbar. The process itself was
conducted under a 5-10° mbar oxygen atmosphere with 45 mm distance between target
and substrate. As substrate anodized aluminum oxide (AAO; Anodisc™, Anopore™, by
Whatman, USA) with a diameter of 13 mm and a pore diameter of 100 nm was attached
to the substrate holder and fixed by a round shadow mask. The shadow mask had a cut
out circle of 12 mm in diameter and was screwed to the substrate holder. The 60 pm thick
substrates were heated to 860 °C by an IR-laser from the backside. This temperature was
measured at the backside of the stainless steel substrate holder using a pyrometer and was
therefore not identical with the temperature at the substrate surface. It is assumed that the
temperature at the substrate surface was kept between 500 °C and 650 °C. The prepared
thin films had thicknesses between 0.5 um and 2 pm.

Lithium solid electrolyte
Porous substrate

Figure 8: Fabrication of an ion-selective membrane by deposition of an ion conducting

thin film on top of a porous membrane.

As an uncoated area still remained at the fringe of the AAO disc due to the shadow mask,

a polymer foil was applied with an office laminator (Otto Office, Germany) to enable
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permeation measurements of the LigBala,Ta,O;, coated AAO disc. The lamination
process is depicted in Figure 9 as a process chart with the associated photographs shown
on the right hand side. In step 1-2 the porous AAO substrate was coated by lithium ion
conducting LigBalLa;Ta,0,. In step 3 a circle with a diameter of 10 mm was cut out of
the lamination foil. The LigBalLa,Ta,0;, coated AAO was placed between the lamination
foils. The lamination foil consisted of two different polymers. The inside of the
lamination foil was made out of a thermoplastic with a low melting point (ethylene vinyl
acetate - EVA). The outside of the lamination foil was made out of a more rigid polymer
with a higher melting point (polyethylene terephthalate - PET). In step 4 the lamination
pouch was transferred to a laminator, which heats the lamination pouch between two rolls
that apply pressure during the lamination process. Thereby, the two EVA coatings fused
with each other and adhered to the LigBala,Ta,0;, disc. After lamination the AAO disc
is mechanically more stable and can even be bent, which would normally cause the AAO

disc to break if no polymer support ring had been applied.
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Figure 9: Lamination of a LigBalLa,0;,-coated anodized aluminum oxide disc with an
EVA/PET foil. Step 1-2: AAO is coated with a thin LBLTO layer. Step 3-4: a circle is cut
out of the polymer foils and the AAO is put in between. Thereafter the formed polymer

pouch is heated by a laminator.

40



Experimental

4.2 Characterization

4.2.1 X-ray diffraction

The obtained bulk and thin film samples were characterized by x-ray diffraction (XRD;
Siemens D500, now Bruker AXS GmbH, Germany, Cu-Ka, »-radiation; X’Pert HighScore
Plus, by PANalytical B. V., Netherlands was used as software for XRD data analysis). For
this, the respective bulk or thin film sample was taken out of the glovebox and brought to
atmosphere. Thereafter, the sample was immediately placed inside the XRD. Bulk
material samples were measured in a range from 260 = 15° - 70° and garnet-type thin film
samples were measured from 26=15°-40° avoiding the single crystal reflex of

MgO(100) at 26 = 42.9°.

4.2.2 Conductivity measurements of garnet-type bulk material

Three different types of conductivity measurements (electrochemical impedance
spectroscopy, dc measurements with reversible electrodes, and Hebb-Wagner
polarization) were performed in order to differentiate the ionic conductivity from the
electron hole conductivity of a LigBalLa;Ta;0,, garnet-type bulk sample. The garnet-type
phases of LigsLasTagsZr; 5012 [39] were additionally stabilized by Al,Oj;, Li;LasZr,01,
[41] which had been stabilized by Ga,O3, Lig sLaszZr sTag 5012 [39], LigLasZrTa; Oy, [39]
and Lis sLasZrgsTa; 501, [39] were not characterized as their properties are already known

in literature [39, 41].

In a first step the total conductivity of the LigBalLa,Ta,O;, garnet-type bulk sample was
measured by electrochemical impedance spectroscopy (EIS) with a SP-300 (Bio-Logic,
France) in the frequency range from 7 MHz to 1 Hz. The fit of the obtained impedance
data with an equivalent circuit was performed with ZSimpWin Version 3.21 (ZSimpWin,
EChem Software, USA). For the impedance measurements lithium electrodes (>98 %,
Chemetal now Rockwood Lithium, Germany) were pressed from both sides on the whole
circular surfaces of the pellet (diameter of 7.66 mm, thickness without electrodes
of' 4.04 mm). The EIS measurements were performed in gas-tight pouches, which were
sealed under argon atmosphere in a glovebox. In an additional step the impedance of the

sample was determined as a function of temperature in order to determine the activation
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energy of the charge transfer from the slope of In(o7) versus 1/7. Therefore, a
temperature chamber (WTL 64, Weiss Technik, Germany) was used in a temperature
range from —40°C up to 80 °C. An electrochemical impedance measurement was

performed every 10 °C (an additional measurement was performed at 25 °C).

In order to verify the values obtained by the EIS experiments, dc measurements were
conducted. Here, the garnet-type LigBala,Ta,O;, sample with Li-electrodes was

measured from —1 V to 1 V at 25 °C using an SP-300 as potentiostat.

The partial electronic conductivity, as well as the transference numbers (#), of a mixed
ionic-electronic conductor can be determined by the Hebb-Wagner [113, 114] polarization
technique. In this dc technique the ionic current is suppressed. Hence, the measured
steady state current is only caused by electrons and/or electron holes. During this
experiment, the current transient is measured at an applied constant voltage. For this type
of measurement two different electrodes are necessary: One reversible electrode for the
mobile ionic species which also acts as chemical potential reference and one lithium ion
blocking electrode which is electron-conducting, electrochemically inert and should not
act as Schottky barrier. In the case of cation-conducting solid electrolytes the reversible
electrode is usually made of the parent metal (Li in the present case), and thus also

provides a standard reference potential for the blocking electrode.

For the Hebb-Wagner measurements a lithium reference electrode was pressed on one
side of the pellet and a carbon electrode was attached to the other side. The carbon
electrode was deposited on the pellet by physical vapor deposition (carbon coater, custom
made). The carbon electrode proved to be better suited than Ni or Au electrodes.
Measurements were performed in the potential range of +2.85 to +4.3 V versus Li'/Li,
which corresponds to the typical condition of an electrolyte between a Li anode and a
cathode in the charge state of a battery. The Hebb-Wagner cell was transferred into a gas-
tight Swagelok test cell and investigated with a Keithley Model 6430 Sub-Femtoamp
Remote SourceMeter (Keithley Instruments, USA, maximum resolution of 10 aA). The
Swagelok cell was assembled under argon gas atmosphere and finally placed in a Faraday
cage, protecting the low current measurement from electrical noise. When a steady state
current at given potential was achieved a measurement point was taken from which the

partial electronic conductivity was calculated.
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The setup used for EIS and dc polarization experiments with lithium electrodes is
schematically illustrated in Figure 10 a). The arrangement for the Hebb-Wagner
polarization is illustrated in Figure 10 b). The depicted arrows show either that this
species can reversibly be exchanged with the electrodes (solid line) or that the species
cannot be supplied by the electrode material (dotted line with bar at the beginning). The
arrow heads show the direction of the driving force for the respective species under

measurement conditions.

a) Impedance spectroscopy b) Hebb-Wagner polarization
°© ©° ()
DC-polarization \e\/ ° ©
LigBaLa,Ta,0;, IrBaLayTay00; [
Li Li" Li*
— F-=---an=-- =
-~ -~

Figure 10: Measurement setup for EIS and dc polarization of a LigBala,Ta,O,, bulk
sample with lithium electrodes is shown in a). Measurement setup for Hebb-Wagner
polarization of a LigBala,;Ta;O;, bulk sample with a carbon electrode on the left hand
side and a lithium electrode on the right hand side is shown in b). The polarization of the

carbon electrode was positive referred to the lithium electrode.

43



Experimental

44

4.3 Characterization of garnet-type thin films

The following chapters briefly describe the techniques applied to characterize the

different garnet-type thin films regarding their structural and electrochemical properties.

4.3.1 Scanning electron microscopy

A Merlin (Zeiss, Germany) scanning electron microscope (SEM) was used for the
investigation of garnet-type thin film materials. Besides garnet-type single layer thin

films, multilayer thin films and membranes were investigated.

In addition to regular “image” generation measurements in situ dc polarization
measurements of a garnet-type thin film were realized and observed using a Leo
Gemini 982 (Zeiss, Germany). For these measurements a platinum microelectrode and a
broad metallic lithium electrode were applied to the LigBala,Ta;O, thin film. The
platinum electrode was polarized negatively versus the lithium electrode. During this
measurement the LigBala,TaO,, garnet-type thin film on a MgO(100) substrate was
heated from below to 36 °C for an increased conductivity. The setup used for the dc
polarization measurement is shown in Figure 11. The measurements were conducted in

cooperation with Rabea Dippel from our department.

p-electrode

LiﬁBaLazTaZO12

Figure 11: Setup for an in situ polarization experiment during SEM investigation.
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4.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) measurements were performed at the
“Institute of Nanotechnology” (INT) at the “Karlsruhe Institute of Technology” (KIT) by
the group of Dr. Christian Kiibel. Two types of samples were characterized by
TEM. A  multilayer  garnet-type  thin  film  sample  consisting  of
(LigBalLa;TayO1;|Lig sLasZr; sTag sO12:Al;03)%x10 and a prototype thin film battery with a
layered LigBalLa,Ta,O,|LiFePO4|Pt|Cu structure built onto a silicon substrate.

Both samples were prepared by focused ion beam (FIB) using a Zeiss Auriga 60 SEM
(Carl Zeiss, Germany) and a FEI Strata 400S dual beam (FEI, USA) FIB. The FEI Strata
400S used a focused gallium ion beam to cut a predefined pattern out of the sample.
Subsequently, a thin layer of platinum was deposited on top of the sample, fusing it with a
manipulator, in order to place it onto a TEM grid. The deposition of platinum was performed

inside the SEM. For the TEM measurements a Titan 80-300 (FEI) was used.

4.3.3 Conductivity measurements in lateral geometry

The conductivity of the garnet-type thin films was determined by lateral EIS and dc
polarization measurements. For those measurements electrodes were deposited by thermal
evaporation on top of the garnet-type thin film material. A mask was used during the
thermal evaporation process in order to achieve reproducible electrodes on each garnet-
type thin film. The deposited electrodes had a length of 1 cm with a gap of 1 mm. Mainly

lithium and gold were used as electrode materials.

The EIS measurements were performed in gas-tight pouches, which were sealed under
argon atmosphere in a glovebox. In an additional step the impedance of the sample was
determined as a function of temperature to determine the activation energy of the charge
transfer from the slope of In(o7) versus 1/7. Therefore, a temperature chamber (WTL 64)
was used in a temperature range from —30 °C to 70 °C. For EIS as well as for dc
polarization measurements a SP-300 was used in a frequency range from 1 MHz to 2 Hz.
The fit of the obtained impedance data with an equivalent circuit was either performed

with ZSimpWin or with EC-Lab from Bio-Logic. dc polarization experiments were
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performed on garnet-type LigBala,Ta,O,; thin films using lithium electrodes from —1 V

tol V.

The setup used for the garnet-type thin film conductivity measurements is schematically

shown in Figure 12.

Impedance spectroscopy
dc polarization

: 1 mm .
! 1
Py garnet-type -~ ~ 2T m
== thin film - )— J_”

Figure 12: Schematic setup of the EIS and dc polarization measurements using reversible

Li-electrodes.

4.3.4 Conductivity measurements in axial geometry

Complementary to the conductivity measurements in lateral geometry electrochemical
impedance spectroscopy and dc polarization measurements were realized in axial
geometry. For this purpose garnet-type thin films were deposited on conductive substrates
as platinum coated MgO(100) or on indium tin oxide (ITO), whereby a corner of the
substrate was covered by a mask so that the back electrode contact of the thin film was
still accessible. Thereafter, 26 circular gold electrodes with a diameter of 0.9 mm were
deposited on the sample by thermal vapor deposition. A sample prepared in that manner
can be seen in Figure 13. On the upper right corner the ITO substrate was covered, to
avoid deposition of garnet-type material. The remaining sample area was covered with a
garnet-type thin film. The yellowish color of the sample arises from reduction of the ITO
substrate during the PLD process, as this was observed as well for an ITO sample which

was heated under comparable experimental conditions (same gas atmosphere, 5-10> mbar
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0O,) for 30 minutes. The gray-silver speckles are a result of conductive silver paint residue
on the backside of the substrate. The conductivity measurements were performed in a

temperature range of $=0 °C up to $=70 °C.

Figure 13: Garnet-type thin film with circular gold electrodes on top of an ITO substrate

for axial conductivity measurements.

Different measurement techniques were applied in order to obtain conductivities,
activation energies of the charge transfer and partial electronic conductivities. By
electrochemical impedance spectroscopy the total conductivity of the corresponding
sample was obtained. The activation energy of the charge transfer was received from
impedance measurements at different temperatures. For impedance measurements a
Novocontrol Alpha-AT (Novocontrol Technologies GmbH & Co. KG, Germany) was
used. Furthermore, dc polarization was applied using a Keithley model 6430 Sub-
Femtoamp Remote SourceMeter to determine the partial electron/hole conductivity.
Because partially reduced ITO might be a reversible electrode for lithium the ITO
electrode was polarized positively versus a circular gold electrode at the beginning of the
experiment. Afterwards the polarity of the electrodes was inverted. Shielded coaxial
cables were used during the measurements. As the samples always remained inside the

glove box under argon atmosphere the cables were passed through a gas tight flange.
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4.3.5 Ion-selective membranes

For the purpose of checking permeation across the laminated ion-selective membranes, a
dye concentration experiment was set up. The idea was to directly visualize permeation
through the membrane, if existent. Therefore, the laminated membrane was used like a
diaphragm, connecting two glass tubes with each other. A dye (methyl red) was brought in
contact with the membrane from one side, on the other side a colorless liquid

(2-propanol) was used.

The equipment for the permeation experiment is shown in Figure 14 a). The laminated
membrane was embedded between two flat gaskets (Figure 14 b). The flat gaskets were
pushed together by the glass tubes which were themselves squeezed together by a clamp
connector (Figure 14 c). The clamp connector was locked using a hose clamp. The flange
of the glass tubes needed to have a bigger inner diameter than the membrane itself
(AAO: @ =13 mm, flange of glass tube inner diameter: @ = 15 mm), so that no direct
pressure was applied to the membrane. In a next step methyl red was inserted into one
glass tube (Figure 14 d) and 2-propanol was inserted in the other glass tube. Both glass
tubes were sealed with a plug. Thereby, the membrane had only contact to methyl red
(solved in ethanol) and 2-propanol, and was not exposed to atmosphere during the
experiment. In Figure 14 e) the automated measurement setup for permeation testing is
shown. A webcam connected to a laptop recorded pictures with timestamps of the

experiment in regular time intervals.

The most fragile part of the construction was the boundary between lamination foil and
AAQ disc. The liquid phase tended to penetrate the space between the lamination foil and
the AAO disc and could thereby flow around the pore-blocking LigBalLa;Ta,0O,, layer.
The pores not covered by the garnet-type thin film were thereby accessible to the liquid
phase. Hence, the ion-selective membrane was bypassed. As countermeasure a two layer
sealing was applied between the AAO and the lamination foil. The first layer consisted of
super glue with low viscosity (Sekundenkleber blitzschnell Pipette, UHU, Germany),
sealing the pores between the lamination foil and the AAO disc. The second layer
consisted of silicone rubber (Scrintec 901 RTV 1k, Scrint, Germany), protecting the super
glue against organic solvents.

Measurements were performed with an uncoated but laminated AAO substrate as

reference, with a laminated as well as garnet-type thin film coated AAO without sealing
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between the lamination foil and the membrane, and finally with a garnet-type thin film

coated AAO with sealing applied between the lamination foil and the AAO.

e

 tweezers with
, soft carbon tips

- ~ clamp
~ laminated connector
membrane =

-

flat gasket

glass tutIe

setup for automated
measurements

2-propanol
(not inserted)

methyl red

Figure 14: Setup for testing the permeation through the laminated ion-selective
membranes. a) Equipment for permeation test; b) and c¢) membrane was embedded
between two flat gaskets; d) glass tubes were squeezed together and methyl red was

inserted in the left glass tube; e) automated measurement setup.
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After permeation testing, the LicBalLa,Ta,0;, coated anodized AAO were applied in Li-S
cells at the “Battery and Electrochemistry Laboratory” (BELLA) at the KIT.

For the preparation of the cathodes, sulfur (Aldrich, reagent grade) and conductive carbon
additives (Printex XE2, Orion and Super C65, TIMCAL™, Switzerland) were mixed in a
ratio of 1:1 and ground in a ball mill. Poly(vinyl alcohol) (Selvol 425, Sekisui, Japan)
dissolved in a mixed solvent of water and 2-propanol was subsequently added to the
blend. The resulting mixture was ball milled for 20 h to form a homogeneous slurry. The
slurry was then coated onto ~8 um thick primed aluminum (containing 2/3 Super

C65 - 20um) with a doctor blade. The electrode was dried in vacuum at 40 °C for 16 h.

The electrolyte was a solution of 12 wt% lithium bis(trifluromethanesulfonyl)imide
(LiTFSI) (99.95 %, Aldrich), 44 wt% of 1,2-dimethoxyethane (DME) (Alfa Aesar,
99 +%) and 44 wt% 1,3-dioxolane (DOL) (99.8 %, Acros, Belgium). The electrolyte
solvents were purified by distillation from sodium potassium alloy under argon

atmosphere.

For the cell assembly, coin-type cells were built in an argon-filled glovebox using a sulfur
cathode with an electrode diameter of 8 mm. The small electrode diameter was chosen to
avoid contact with LigBal.a,Ta>,O;,-uncoated areas. The ion-selective membrane was used
to separate the negative lithium electrode (lithium foil, 600 um thick, China Lithium Ltd.,
China) from the positive sulfur electrode. Additionally, a glass fiber separator (Whatman,
8 mm in diameter, GE Healthcare Life Sciences, USA) was placed between the negative
electrode and the ion-selective membrane. The garnet coating faced towards the lithium
electrode. The sulfur electrode was assembled on the opposite side of the lithium ion
conductive thin film and was placed directly onto the porous membrane. The glass fiber
separator as well as the positive electrode was soaked with liquid electrolyte. The setup of
the assembled cell is shown in Figure 15.

. Whatman separator
Li-electrode P

XK ARAH IR AKX XK A KA A AR _— LisBala,Ta,0,

AAO

C/S-composite electrode

Figure 15: Setup for the Li-S cell with ion-selective membrane.
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Discharge-charge cycling of the cell was performed at 36 pA (corresponds to a rate of
C/50 for the sulfur electrode used) for the first cycle with a discharge cutoff voltage of
1.7 V and charge cutoff at 2.5 V. For the subsequent cycles a discharge current of 360 pA,
and charge current of 220 pA were applied. This corresponds to a discharge rate of C/5
and a charge rate of C/8 for the Li-S cell.

Furthermore, a reference Li-S cell without LigBal.a,Ta,O;,-coated AAO was built and

cycled corresponding to the Li-S cell with LigBala,Ta;O;,-coated AAO.
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5. Results and Discussion

5.1 Characterization of garnet-type bulk material

5.1.1 X-ray diffraction

Phase determination of the PLD targets was carried out by XRD. For this purpose, a bit of
each garnet-type material was grinded and examined. Figure 16 shows the diffraction
patterns of the different garnet-type materials. LisLazNb,O;; (ICSD-PDF: 00-045-0109
[115]) was used as reference pattern (black lines) at the bottom. It has to be remembered
that the reference does only indicate the 26 position of a reflex, and does not give
information about the reflex intensity, as the metal ions differ. The reflex positions of the
garnet are also shown by gray columns in the background. Going from bottom to top the
following garnet-type phases are shown: LigBala;Ta;O;s, LigsLasZr;sTags012:ALO;,
LigsLasZr; sTag 5O, LiclasZr;Ta;O;, and LissLasZrysTa; sO,. The abscissa shows
20 in ° (degrees) and the ordinate shows the intensity in arbitrary, linear units. The XRD
of LisLa3Zr,0y; stabilized by Ga,Os is not shown here because this target material has
been synthesized by Dr. Hany El Shinawi and the results have been published elsewhere
[41].

The garnet-type phases show a cubic structure with Ia3d symmetry. LisBaLa,Ta,0,
shows the biggest unit cell of all investigated garnet-type target materials with a lattice
parameter of 12.989 A. For comparison, the indicated LisLa;Nb,O,, reference has a
lattice parameter of 12.889 A, ie., 0.76 % smaller. This is mainly caused by the
incorporation of Ba*" on La’" sites (24c). Ba®" has a bigger ionic radius of 149 pm [104]
compared to 117 pm [104] of La’". Along with the Ba®" incorporation goes a Li"

incorporation for charge neutrality (Ba*" + Li" = La’").

LigsLasZr; sTagsO, stabilized additionally by Al,O; and LigsLasZr; sTagsO1, showed
lattice parameters (12.983 A and 12.930 A) comparable to that of LisBaLa,Ta;O;, The
lattice parameters were determined by Rietveld refinement using X Pert HighScore Plus.
The incorporation of A" in the garnet-type LigsLasZr; sTags0O12:Al,O5 structure led to a
decrease of the lattice parameter compared to LigsLasZr; sTagsO;, (without additional

AlL,Os5 stabilization). Hence, the aluminum is, up to a certain extent, part of the garnet-
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type structure and occupies a regular lattice site. It can be seen that with increasing
tantalum content the lattice parameter decreased to 12.893 A for LigLa3Zr;Ta; 01, and to

12.846 A for Li5.5La32r0.5Ta1,5012.

Reference: Li.La;N b20]2
ICSD: 00-045-0109

Wi [GBrd | E LK
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Figure 16: X-ray diffraction patterns of the different garnet-type target materials. As a
reference  LisLazNb,O;, ICSD-PDF: 00-045-0109 [115] with a lattice constant of

12.889 A is shown as vertical, black lines.

The lattice parameter of LigLasZr;Ta;O;, i1s between the lattice parameters of
LigsLasZr, sTagsO1» and Lis sLasZrg sTa; sO1,. This is due to the fact that Zr*™ (86 pm [40],
coordination number = 6) has a bigger diameter than Ta’" (78 pm [104], coordination
number = 6). The difference in ionic radii also explains the decreasing lattice parameter

with increasing Ta’" content. Additionally, the substitution of Zr*™ with Ta>" led to a
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decreased Li" content, which should also have an influence on the lattice parameter. This
finding is in accordance with literature [39, 48, 116] and can be shown by plotting the
lattice parameter as a function of the constituent element, as shown in Figure 17. For

comparison the values by Logéat et al. [48] are shown along with the extrapolated value

for LisLasTa,Oq,.

12.96

® Experiment
! A Logeatetal.
1292 | * Extrapolated
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12.88 -
12.86 -— A
12.84 -—
12.82 -—
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Figure 17: Lattice parameters of Li;_,LasZr, ,Ta,O;, as a function of tantalum content x.

The solid line represents a linear fit of the lattice parameters.

The calculated lattice parameters are in good agreement to the lattice parameters obtained
by Logéat et al. [48]. In general, the lattice parameter is decreasing linearly as a function
of Ta’" substitution. This linear correlation between the lattice parameter of an alloy as a
function of a constituent element concentration at constant temperature is called Vegard’s
law [117] after Leon Vegard. This empirical rule can be adopted for garnet-type
Li7LasZr, ,Ta,O;, structures (Eq. 5.1).

— xTa) XTa (5.1

2
aLi7_xLa3Zr2_xTax012 = aLi7La3Zr2012 ( 2 + aLisLagTazolz 2
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a is the respective lattice constant of the garnet-type material and x represents the
tantalum content. The limits of the Li;_Laz;Zr, ,Ta,O;, lattice constant are the lattice
constant of LisLa;Ta,O,, at the lower end and of Li;La;Zr,0,, at the upper end. It should
be noted that at room temperature tetragonal LisLa;Zr,O; is obtained instead of the cubic
phase if the material is not stabilized. However, the intercept obtained from the plot of the
lattice parameter versus the tantalum concentration (Figure 17) makes the determination
of the lattice parameter of Li;La3Zr,O;, possible. Thus, the lattice parameter of cubic
Li;La3Zr,0;; at room temperature would be 12.974 A + 0.006 A (the error of the lattice
parameter was derived by propagation of uncertainty). A comparison to literature values
is not possible as cubic LisLa3;Zr,O;, (without stabilization) is, at room temperature, a
hypothetical structure. Furthermore, the lattice parameter of LisLa3TayO1a,
a= 12806 A £ 0.017 A/x, was obtained by extrapolation to a tantalum content of
x =2 (slope =—0.084 A/x + 0.006 A/x). A comparison of the thus obtained lattice constant

of LisLa3Ta,01; to literature [115] values (a = 12.823 A) is in good agreement.

5.1.2 Conductivity measurements

The conductivity of garnet-type LigBala,Ta;O;, bulk samples was measured by
electrochemical impedance spectroscopy (cf. chapter 4.2.2). The impedance of a
LigBalLa,Ta;O;, sample with lithium electrodes (Li|LigBalLa,Ta,O;5Li) at room
temperature is shown in Figure 18. The respective Nyquist plot is displayed in
Figure 18 a). The black dots represent the measured data; the red solid line represents the
fit. The sample exhibits two semicircles. The semicircle at high frequencies can be
attributed to the bulk and grain boundary contributions. These bulk and grain
contributions cannot be separated, due to their similar time constants. Therefore, this first
semicircle is fitted by a single resistance (R;) parallel to a constant phase element (Q)).
The second semicircle at lower frequencies is caused by the charge transfer resistance at
the electrode and the electrode capacity. This finding shows that the metallic lithium
electrode is (inhibited) reversible. With regard to a non-ideal electrode capacity, most
likely caused by rough interfaces between the garnet-type pellet and the metallic lithium
electrodes, a constant phase element parallel to a resistance was used to describe the
electrode contribution. The resulting equivalent circuit used for the fit of the impedance

data consists of two parallel (RQ)-elements in series, as shown in the upper right corner of
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Figure 18 a). The vertices of the two semicircles are at 766 kHz (LigBalLa,Ta;O,;) and 4.4
kHz (Li-electrodes) and are indicated in the Nyquist plot. The Bode plot of the sample is
shown in Figure 18 b).
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Figure 18: Electrochemical impedance measurement of a LicBala,Ta,0;, garnet-type
ceramic sample at 25 °C. a) Impedance response of the sample depicted as a Nyquist plot.
The measured data is represented by open circles, the fitted data as a red solid line. Two
frequencies are displayed at the vertices of the semicircles. Additionally, the equivalent
circuit used for the fit is displayed. b) Impedance data of the sample depicted as Bode
plot. The open circles represent the measured phase. The fit of the phase is displayed as a
blue, solid line. The modulus of the impedance is displayed as open squares, the fit as a

red, solid line.

The open circles are the measured data points for the phase; the fit of the phase is

displayed as a blue, solid line. The open squares are the measured data points for the
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modulus of the impedance; the fit is displayed as a red, solid line. The Bode plot is
displayed in the frequency regime of 7 MHz - 1 Hz. The two semicircles from the Nyquist
plot can be seen in the Bode plot as two plateaus. The resistance of the sample
(R;=15.112kQ) was obtained from the resistance of the first (R;Q;)-element
(01 =5.6:10" Fs®, exponent a; = 0.90, R, = 8.700 kQ, 0, = 4.46:10" Fs® ", exponent
a> =0.53). The resulting conductivity of the sample at 25 °C was calculated to be
0=5.810"S-cm'. The constant phase element of the second semicircle (O, a2)
corresponds to a Warburg impedance which indicates that a semi-infinite diffusion occurs

at the electrode.

Temperature dependent measurements of the impedance, in the temperature range from
—40 °C to 80 °C, revealed an activation energy of the charge transfer of 0.45 eV. The
resulting Arrhenius plot is displayed in Figure 19. The black squares show the measured
data, whereas the red, solid line represents the linear fit of the measured data points. The
arrow and the dashed, grey line indicate room temperature. It can be seen that the
measured data shows a linear dependence in the Arrhenius plot. Therefore, the relation
displayed in Eq. 5.2 can be used to calculate the activation energy (given above,
E,=0.45 eV) of the charge transfer from the slope of the fit shown in Figure 19.

E (5.2)

In(eT) = In(oy) — R_;"
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Figure 19: Arrhenius plot of the conductivity of a garnet-type polycrystalline
LigBalLa,Ta,O;, bulk sample. The black squares indicate the measured data whereas the
red, solid line represents the fit. The activation energy was derived from the slope of the

fit. Additionally, an arrow and a grey dotted line indicate room temperature (RT).

Hebb-Wagner polarization was performed in order to determine the partial electronic
conductivity of the LigBala,Ta;O,, sample. Therefore, an asymmetric cell (different
electrode materials) with one reversible lithium electrode and one blocking carbon
electrode (Li|LigBaLa,ta;O;,|C) was used. The current was measured as function of time
at a constant potential difference between the two electrodes. The Hebb-Wagner
polarization experiment was performed in a voltage range from 2.8 V to 4.3 V. After more
than 3 days a steady-state current (averaged over multiple measurement points) was
obtained for every applied voltage. This steady state current was plotted as a function of

the applied potential difference in Figure 20.
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Figure 20: Hebb-Wagner polarization measurement using a Li|LisBaLasta,0,,|C cell at
room temperature. The black squares show the measured data points - current as a
function of voltage. The dashed blue line is only a guide to the eye and does not represent

a physical model.

The total conductivity was obtained from electrochemical impedance measurements and
the electronic conductivity was obtained by Hebb-Wagner polarization. The connection

between the different conductivities is described in Eq. 5.3.

0 = Ojon + Ol
(5.3)

= Ojon + e + 0y

o represents the total conductivity, o, and o, denote the partial electronic and ionic
conductivity, respectively. The electronic conductivity itself can be separated into the

contributions from electrons (o) and electron holes (oy,).
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The transference numbers of electrons/electron holes and lithium ions were calculated

using the total and partial electronic conductivity as defined in Eq. 5.4 and Eq. 5.5.

_ el (5.4)

tLi+ = 1 - tel (55)

tq) 1s the electronic transference number, and ¢ ;+is the transference number of the lithium

ions.

1to

The resulting electronic conductivity is in the range from oy =3.110" S-cm
0 =3.710"" S:em ™' in the voltage range from U =2.8 V to U= 4.3 V. Consequently, the
electronic transference number ranges from f = 53107 to ty4= 6.4-1076, which is
consistent with lithium ion transference numbers of #; = 0.999999995 to #; = 0.999994,

respectively.

It can be assumed that anodic polarization leads to an oxidation of LigBala,Ta,Oy;.
Thereby, electron holes are introduced into the garnet-type material along with the
formation of lithium vacancies according to the defect equation (Eq. 5.6) in Kroger-Vink

notation.

The deposition of metallic lithium causes the formation of lithium ion vacancies (V;;) and
electron holes (h®) for charge compensation inside the garnet-type material. The lithium
ion on a regular garnet-type lattice site is denoted as Lif;. Assuming that Eq. 5.6 can be
strictly applied, one comes to the conclusion that the electron hole conductivity (on) is
direct proportional to the lithium metal deficiency (V{;) and to the electron hole
concentration (c,) when considering constant charge (z,) and constant mobility of the

electron holes (uy), as displayed in Eq. 5.7.

Oh = ChZnHn (5.7)
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Table 6 summarizes the collected electrochemical data of a garnet-type LigBalLa;TayOy;
ceramic sample. Listed are the cell constant (//4), the total conductivity (o), the activation

energy of the charge transfer (£,) and the electronic conductivity (o)) of the sample.

Table 6: Summarized electrochemical data of a ceramic LigBala;Ta,O, garnet-type

sample. The conductivities refer to a temperature of 25 °C.

Cell constant /

-1
cm

o/Scm’ E,/ eV oo, Sem !

LisBaLa,Ta,0, 0.877 5.8.107° 0.45 103-1071°

The results obtained are consistent with literature where the conductivity of
Li¢cBalLa,;Ta;0;, is given with ¢ = 4-10° S-cm! (measured at 22 °C) [44] and an
activation energy between 0.40 eV [44] and 0.44 eV [105]. The obtained electronic
conductivity is very small leading to a transference number for the lithium ions of

approximately 1, which is favorable for a solid state electrolyte.
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5.2 Characterization of garnet-type thin films

5.2.1 X-ray diffraction

All deposited garnet-type thin films were characterized by means of x-ray diffraction. The

diffractograms of the following garnet-type thin films are shown in Figure 21.

1) (LigsLasZr sTags012:AlO5|Li7LasZr;015.Ga,03) x5
2) (LigBalLa,TayO;|LigsLasZr; sTagsO12.Al,03)x5

3) LissLasZrosTa; sO1,

4) LigLa3Zr Ta;01,

5) LigsLasZr; sTay 5012

6) LigsLasZr;sTag 501, stabilized by Al,O3

7) LisLa3Zr,0y; stabilized by Ga,0;

8) Li6BaL8.2T8.2012

LisLasNb,Oy; is indicated as a reference (ICSD-PDF: 00-045-0109 [115]) by black lines
at the bottom of Figure 21. Some diffraction patterns show broad reflexes between 20°
and 25° and a single reflex at about 38.8°. These reflexes are caused by the MgO(100)
substrate if it is not entirely (100)-oriented. These substrate reflexes are not always

present as they depend on the individual MgO(100) substrate quality (orientation).

Nevertheless, it can be seen from Figure 21 that the deposition of garnet-type thin films
was successfully achieved for each kind of garnet-type source material. However, only
LigBala;Ta;01,, LisLa3Zr,01,:Ga,03 and LigsLazZr sTags:Al,O3 have been deposited
phase pure. The multilayer thin films show broadened reflexes due to the slightly different

lattice constants of the garnet-type materials used.

The LiyLasZr, ,Ta,O; series shows phase impurities with increasing zirconium content.
A tantalum content of x =0.5 or 1.0 of the target material seems to be insufficient to
entirely stabilize the garnet-type thin film phase at the chosen deposition parameters. In
addition to the garnet-type phase, these thin films show phases of the corresponding metal
oxides and of the mixed metal oxides. These observations show that high quality garnet-

type thin films can be deposited more easily by PLD if a higher degree of stabilization is
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ensured. The stabilization can either be realized by a high tantalum content of the garnet-

type phase or by addition of Ga,0; or Al,Os.

(LislagZr,0:5:Ga, 0L, cla.Ze Ta,:0.5:A1,8.)%5
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Figure 21: X-ray diffractograms of different garnet-type thin films prepared by pulsed
laser deposition on MgO(100). The displayed diagram shows (from bottom to top):
LisLasNb,Oqy[1157 as reference (vertical, black lines), LigBala,Ta;O;, (dark green),
Li;LasZr,01,:Gay0s5 (light green), LigsLasZr;sTags:Al,Os (green), LigsLasZr;sTagsOi
(dark blue), LigLa;Zr;Ta;0, (blue), LissLaszZrgsTa; sO1, (light blue) and the multilayer
thin films with 5 bilayers consisting of: (LigBalLa,;Ta;O1;|Li7La3Zr,01,:Gay03)x5 (red)
and (LigsLasZr sTags:Al,O3|Li7La3Zr,01,:Ga,03)%5 (yellow). The asterisk (*) marks
phase impurities, the double dagger (1) shows MgO substrate reflexes.

63



Results and Discussion

The electrochemical characterization of the garnet-type thin films was solely performed
on single- and multilayer thin films consisting of phase-pure garnet-type thin films
(LigBalLa,Ta,0Op5, LisLasZr,01,:Ga,0O3 and LigsLasZr sTags:Al,O3) to ensure that no

impurity phase affects the measured data.

In the case of LigBala,Ta,0;, the garnet-type thin film was directly deposited onto a
MgO(100) substrate. In the case of the remaining garnet-type phases the thin films were
deposited onto a MgO(100) substrate that was coated with a thin layer (< 100 nm) of
LigBalLa;TayOq5.
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5.2.2 Scanning electron microscopy

Scanning electron microscopy images revealed that not every substrate is suitable for the
deposition of garnet-type thin films. Due to the elevated temperatures during the ablation
process thermal strain is induced by the substrate in the thin film when it is cooled to
room temperature. If the substrate is not well-matched, the mechanical strain is relieved
by crack formation within the thin film. This crack formation is distinct if the garnet-type
thin film is applied on top of a silicon substrate as can be seen from
Figure 22 a) (secondary electron detector - SE2). The formation of cracks in the garnet-
type thin film on top of a platinum coated MgO(100) is moderate, whereas on uncoated
MgO(100) substrates generally no cracking occurs. Figure 22 b) shows a cracked garnet-
type thin film on top of a platinum coated MgO(100) substrate (Inlens detector - Inlens).
A LigsLasZr; sTagsO12:Al,Os garnet-type thin film is shown in cross section on a
LicBalLa,;Ta;0;, coated MgO(100) substrate in Figure 22 ¢) (Inlens). On top of the garnet-
type film residues from a previously applied metallic lithium electrode from conductivity
measurements can be seen. Figure 22 d) shows a cross section of a garnet-type multilayer
structure with a total of ten alternating layers. The structure was composed of
Li¢cBalLa;TayO;, and LigsLasZr;sTags012:Al,O3.  Starting at the bottom with
LigBala;Ta;O, which appears slightly brighter than LigsLasZr; sTags012:Al,03 in the
scanning electron microscope using an energy selected backscatter detector (ESB) which
was chosen in order to achieve a material contrast. At the left side of the picture added

horizontal lines indicate the layered structure of the material.

In conclusion, the results show that conductivity measurements in axial geometry are
challenging due to the formation of cracks which inevitably lead to short circuits.
Conductivity measurements in lateral geometry could be accomplished more easily as no
crack formation was observed when the garnet-type thin film was deposited directly onto

a MgO(100) substrate.
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LigsLasZr;sTagsOqn:AlO

Figure 22: Scanning electron microscopy images of different garnet-type thin films.
a) Top view of a LigBalLa,Ta,O,; thin film on top of a Si substrate. b) Top view of a
LicBalLa;Ta;0;, thin film on top of a platinum coated MgO(100) substrate. ¢) Cross
section of a LigsLasZr; sTags012:Al,0O3 garnet-type thin film on a LigBala,Ta,0, coated
MgO(100) substrate. Residue of a previously applied metallic lithium electrode can be
seen on top of the LigsLasZrsTays012:Al,O5 film. d) Cross section of a garnet-type
multilayer structure with five bilayers — (LigBala;Ta,0|LigsLasZr; sTagsO012:Al,03)%5.

In addition to “post mortem” scanning electron microscopy measurements dc polarization
measurements were performed in situ in a high resolution scanning electron microscope
(HRSEM) using a platinum microelectrode and a broad metallic lithium electrode. The
measurement setup can be seen in Figure 11 of chapter 4.3.1. The platinum electrode was
polarized negatively versus the lithium electrode. The current density was estimated to be
about j =30 mA-cm > from the approximate contact area of the microelectrode at the
beginning of the experiment. The current density decreased during the experiment with

the amount of deposited lithium as the electrode area was increased by the metal
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deposition. It can be seen from Figure 23 that metallic lithium is deposited on top of the
garnet-type solid electrode by reduction of lithium ions at the phase boundary between
the metal electrode supplying the electrons and the solid electrolyte providing the lithium
ions. There are two different growth modes observed simultaneously during this
experiment: a two dimensional lateral growth on top of the solid electrolyte and whisker
growth. The in situ visualization of the lithium deposition as a function of time can be
seen on the right hand side of Figure 23. The process that is represented in this image
sequence took 50 minutes. This experiment clearly demonstrates that the LigBala;Ta,0;;
garnet-type thin film is a lithium ion conductor. However, a quantification of the
conductivity was not possible from this experiment as the geometry of the measurement
setup, especially the electrode area, could not be determined exactly and was changing

during the lithium deposition.

Figure 23: In situ visualization of lithium deposition by dc polarization of a
Li¢BalLa,Ta;0;, garnet-type thin film using a microelectrode inside a scanning electron
microscope. The large picture shows the experiment after 50 min. The image sequence on

the right hand side depicts the deposition process of lithium over that time range.
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Further, scanning electron microscopy investigations were performed on garnet-type thin
film coated anodized aluminum oxide. Figure 24 a) shows a tilted cross section of an
uncoated anodized aluminum oxide substrate (SE2). The homogenously ordered
two-dimensional pores have a diameter of about 100 nm and are aligned in z-direction. At
the beginning of the deposition of garnet-type thin films on top of the porous substrate
islands of the respective material start to grow on the pore walls, which leads to a
Stranski-Krastanov (island-plus-layer) type growth of the thin film forced by the substrate
material. Sufficient material deposition results in an impermeable, pore blocking thin
film. Such a well prepared garnet-type thin film can be seen as a cross section in
Figure 24 b) (SE2). At the bottom of the thin film a columnar structure can be observed,
as the deposited garnet-type material was not able to form a closed layer directly from the
start. With increasing film thickness the islands grew into each other. This means that a
coating which is only a few nanometers thick would not be able to form a pore-blocking

film.

800nm

Figure 24: Scanning electron microscopy images of: a) tilted cross section of an uncoated
porous AAO substrate; b) LigBalLa,Ta,O;, garnet-type thin film on top of an AAO
substrate in cross section; c) top view of a partially coated AAO substrate; d) tilted cross

section of a LigBalLa,Ta,01, coated AAO substrate.
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Figure 24 c) shows the edge between a coated and an uncoated area of a membrane
revealing that the pores of the substrate are covered by the deposited material. However,
the top of the garnet-type thin film still shows inhomogeneities resulting from the
Stranski-Krastanov-like growth mechanism as can be seen in the tilted cross section of a

coated anodized aluminum oxide substrate in Figure 24 d).

5.2.3 Transmission electron microscopy

Transmission electron microscopy studies were performed of garnet-type multilayer thin
films with the intention to understand the cause of the increased conductivity of
multilayer structures compared to single layer thin films. Transmission electron
microscopy images of (LigBalLa,Ta;O1,|LissLasZr; sTags012:Al,03)%10 multilayer thin
films can be seen in Figure 25. Figure 25 a) gives an overview of the lamella prepared by
focused ion beam (FIB). The LigBala,Ta,O;, garnet-type thin film appears dark in the
bright field mode and white in the dark field mode, vice versa for the
LigsLasZr; sTag5012: Al,O5 garnet-type thin film. The MgO(100) substrate can be seen as
a bright area at the bottom and the platinum coating can be seen at the top of the image.
Between the MgO(100) substrate and the platinum coating at the top, 20 alternating layers
of the two garnet-type materials can be seen. The multilayer thin film starts with
LicBala,;Ta,0, at the bottom. The waviness of the layers increases with increasing layer
number. This has mainly two reasons. First, each imperfection adds up to all the layers
deposited afterwards, increasing the roughness of the thin film; second the FIB cut is not
entirely smooth. This causes a change of thickness of the thin film in viewing direction,
which leads to cone-like structures and waviness depending on the film morphology in
viewing direction. A detailed picture of the interface between the MgO(100) substrate and
the garnet-type multilayer thin film can be seen in Figure 25 b). The image shows that a
smooth interface between the substrate and the first garnet-type layer is formed.
Furthermore, the two different garnet-type materials form a smooth interface free from
macroscopic defects. It can be seen that especially the LicBalLa,Ta;O;, garnet-type layers
show a columnar growth. A cone caused by the FIB preparation of the lamella can be seen
in the left part of the picture. Figure 25 c) shows an enlarged image of the interface
quality between a LigBala,Ta,O;, garnet-type layer embedded between two
LigsLasZr; sTag5012:Al,O5 garnet-type thin film layers. The interface shows that almost
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no mixing of the two different garnet-type phases occurs. High resolution images as well
as EDX measurements were not possible due to the poor electron beam stability of the
garnet-type material in the TEM. Figure 25 d) shows an overview of the sample after the
TEM measurements. Material decomposition was observed during the experiments,
which led to “shrinkage” of the multilayer thin film and the formation of voids coupled
with lithium precipitation. Because of this, the defect structure at the interface between

the two garnet-type phases could not be investigated further.

LigsLasZr; sTags0:2:A1,04

g

LisBalLa,Ta;O4,
Li;BalLa,Ta,0;;

LigBala;Ta,0;;

LickLa Zi Tl .0 12_:_/3.’\'203
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Figure 25: Transmission electron microscopy images of a garnet-type
(LigBala;Ta,015|Lig sLasZr sTags012:Al,03)x10 multilayer thin film. a) Bright field
overview of the 10 garnet-type bilayers, beginning with LigBala,Ta,0;, (dark) at the
bottom. b) Enlarged dark field image of the alternating garnet-type layers. c) Bright field
detail image of a LigBala,Ta,O,; to LigsLasZr; sTagsO;,2:Al,O5 interface. d) Electron

beam induced damage of the garnet-type thin film in dark field mode.
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Besides the garnet-type multilayer thin film a prototype thin film cell consisting of
Si|LigBaLa;Ta,O1,|LiFePO4[Pt|Cu was investigated using TEM. This cell did not show a
cell voltage, and the TEM measurements were conducted to investigate possible causes.
Most likely a short circuit due to contact of both electrode materials caused the
breakdown of the cell voltage. Figure 26 shows the appropriate cross section of the
layered cell system. The single layers are LigBala,Ta,O;, (LBLTO), LiFePO4 (LFP),
platinum and copper. It can be seen that the different thin film materials were deposited
onto each other without observable cracks in the small image section. However, the
measured region shows a droplet of the LicBala,Ta;O, garnet-type material that is
embedded between the interface of the garnet-type layer to the LiFePO, layer. The
difference in shading of the droplet is probably caused by the different deposition
methods of the materials. The darker part of the droplet is the actual target material
droplet, the lighter colored material is subsequently deposited by the PLD process as thin
film. A gap between the droplet and the garnet-type thin film is filled up with LiFePO4
(bright) that was deposited after the garnet-type material. The area marked in Figure 26 a)
is magnified in b). The magnified image clearly shows the deposited LiFePO4 material in
the gap between the garnet-type material (dark) and the droplet. The garnet-type thin film
and droplet do not grow together since the temperature for a solid state reaction is too
low. This leads to the formation of a gap between the regular thin film and the droplet.
Thereby, LiFePO,4 was deposited into the gap.

Figure 26: Transmission electron microscopy images of a prototype thin film cell
consisting of LicBalLa,Ta;O1,|LiFePOy4|Pt|Cu on a silicon substrate. a) Cross section of the

layered all solid state cell. b) Magnification of the area marked in the overview.

71



Results and Discussion

72

This phenomenon is not a single event, as the TEM images show only a small segment of
the prepared all-solid-state cell and formation of droplets cannot be prevented during the
PLD process. This leads to the assumption that a short circuit was the cause of the lacking

cell voltage.

5.2.4 Conductivity measurements in lateral geometry

The conductivities of garnet-type thin film samples were determined by electrochemical
impedance spectroscopy in lateral geometry and are discussed exemplarily for a

Li¢cBala,;Ta;0;, garnet-type thin film.

An electrochemical impedance spectroscopy measurement of a LigBala,Ta,O;, garnet-
type thin film at room temperature is shown in Figure 27. Only one semicircle was
observed (for the Nyquist plot) in the frequency region from 1 MHz to 1 Hz for the
LicBalLa,;Ta;0;, thin film. The thin film was prepared by pulsed laser deposition on a
MgO(100) substrate and gold electrodes were applied. The blocking gold electrodes could
only be observed at elevated temperatures or at frequencies below 100 mHz. A
deconvolution of the impedance data into the grain boundary and bulk contributions was
not possible, independent of the temperature. This was found as the usual behavior for
lithium ion conducting garnet-type materials (bulk), because the impedance of the grain
boundary and the bulk have the same time constant (z = RC). In the case of conductivity
measurements in lateral geometry another effect is crucial: The capacity of the substrate is
identical (determined in a separate measurement) to the capacity determined for a thin
film sample by impedance spectroscopy. Hence, the substrate capacity, which is parallel
to the thin film, dominates due to geometrical reasons. However, the resistance of the
substrate is higher than the resistance of the thin film yielding a semicircle consisting of
two resistances (grain boundary and bulk are in series and can thereby be expressed as
one resistance) parallel to the substrate capacity. Thus, only one semicircle can be
observed. Subsequently, the equivalent model for the fit consisted of a resistance parallel
to a constant phase element - (RQ). The constant phase element was chosen because of
the slightly oblate semicircle. Figure 27 a) shows the Nyquist plot of the electrochemical
impedance spectroscopy measurement. The measured data is represented by open circles.

The equivalent circuit fit is shown as a red, solid line. Figure 27 b) shows the respective
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Bode plot. The logarithmic modulus of the impedance is shown as open squares; the
phase is shown as open circles. The equivalent circuit fit is depicted as a red, solid line
and as a blue, solid line for the logarithmic modulus of the impedance and the phase,
respectively. The resistance of the LicBala,Ta,O;, garnet-type thin film with gold
electrodes was determined from the equivalent circuit fit to be R=2.9-10"Q
(0=1.1-10" Fs®Y exponent a=0.99). The film thickness was 2 pm. The gold
electrodes were 1 cm long and 1 mm apart. The resulting cell constant was
/4 =500 cm . Hence, the conductivity of the LigBala,Ta,0;, garnet-type thin film is

evaluated as 6= 1.7-10 ° S-cm ..
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Figure 27: Impedance spectra of a LigBala,Ta,O;, garnet-type thin film prepared by
PLD on a MgO(100) substrate. The measurement was performed at 25 °C. Measured data
are shown as open circles and open squares. The equivalent circuit fit is depicted as solid
line. a) Nyquist plot of the sample, the apex is indicated. b) Respective Bode plot of the

sample.
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Additionally, the conductivity of the garnet-type thin film was verified by a 2-point dc
polarization measurement using reversible lithium electrodes in lateral geometry on a
2 um thick LigcBala,Ta;0;, garnet-type thin film. The measurement was performed at
room temperature in a range of —1 V to 1 V. The measurement is depicted in Figure 28.
The measured data shows a linear (ohmic) behavior of the current as a function of the
applied potential (U has been plotted as a function of / in order to have direct access to
the resistance from the slope). The slope was determined by a linear fit and results in a
resistance of R =310 MQ. The calculated conductivity of o= 1.6:10° S-cm ' agrees well
with the impedance measurement. The small discrepancy between the EIS and dc
measurement might be caused by a small charge transfer resistance of the electrodes or by

small variations of film quality in the case of the dc measurement.
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Figure 28: dc measurement of a LigBalLa,Ta,O;, garnet-type thin film with two
reversible Li-electrodes at 25 °C. The sample was measured in lateral geometry and

shows ohmic behavior in the range from —1 V to 1V.

Furthermore, LigsLasZr;sTags012:Al,05 and LisLa3Zr,04,:Ga,05 as well as multilayer
thin films consisting of (LigsLasZr;sTags:AlO;|Li7La;Zr,01,:GayO3)xn and
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(LigBaLa,TayO15|Lig sLasZr; sTags:Al,03)xn were  characterized by temperature

dependent electrochemical impedance spectroscopy.

The temperature dependent conductivity of the different garnet-type thin films is depicted
in Figure 29 as an Arrhenius plot. The total conductivity of single layer thin films is
2.9-10° Sem ™ for LigsLasZri sTags012:ALOs, ¢ = 1.7-10° Sem™ for LigBaLa;Ta,01»
and 6= 1.2-10° S.em™ for LisLa3Zr,01,:Ga0s. The activation energies ranged between
0.48 eV for LigsLasZr; sTags012:Al,O3 as well as for LigBalLa,Ta,0,, and 0.44 eV for
Li;LasZr,01,:Gay03. A (LigBala,TayO1;|Lig sLazZr; sTags012:Al,03)%5  garnet-type
multilayer thin film showed a conductivity of ¢=8.9-10°S.ecm’ and a
(Lig sLasZr; sTags:Al,O3] LisLa3Zr,015:Ga,03)%5 multilayer thin film had a conductivity
of 0 = 2.8:10° Scem . The (LigsLasZr; sTags:ALOs| LisLasZr,01,:Ga,03)x5 multilayer
thin film was prepared at a deposition temperature of 620 °C which is near the
decomposition temperature (probably due to lithium loss) of the garnet-type thin films.
The conductivities of the multilayer thin films were increased compared to their single
layer components. The calculated activation energies of the charge transfer
were 0.42 eV for (LigBalLa,Ta,O;|LigsLasZr;sTags012:AL03)%x5 and 0.39 eV for
(Lig sLasZr; sTags:Al,O3| LisLa3Zr,01,:Ga,03) %5, respectively.

A comparison of the activation energies and conductivities shows that the single layer
thin films have higher activation energies of charge transfer and lower conductivity

compared to the multilayer garnet-type thin films.
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Figure 29: Total conductivity (as determined by ac impedance) of the highest conducting
thin film of each kind. Depicted are from high to low conductivity (top to
bottom): (Lig sLasZr; sTag s012:Al,0s]Li7LasZr,01,:Ga,03)%5  (open diamonds),
(LigBala;Ta,015|Lig sLasZr; sTag s012:Al,03)%5 (open circles), Lig sLasZr; sTag sO12: Al O3
(squares), LigBalLa;Ta0; (triangles) and LisLa;Zr,0,,:Ga,0s (pentagons).

Furthermore, the conductivity of the multilayer thin films showed a dependence on the
total number of layers and on the overall thickness of the thin films (cf. Table 7).
Therefore, the overall thickness of the (LigBala,Ta,0s|LissLasZr;sTagsO12:ALOs)xn
multilayers was kept approximately constant and the amount of alternating layers was
varied. The determined total conductivities were: o=7.2-10°Scm for a
total of two bilayers - (LigBalLa,Ta;O1,|LigsLasZr; sTags012:A1,03)x2 (d =2540 nm),
6=7.710°Scm™ for five bilayers - (LigBalLa,Ta;0O1,|LissLasZr; sTagsO12:Al,03)%5
(d=2208nm) and o6=4.1'10°Scm™ for 10 bilayers - (LigBaLayTa,0o
LigsLasZr; sTags012:Al,03)%10 (d =2418 nm). These garnet-type multilayer thin films
were deposited at 600 °C in order to avoid decomposition due to temperature fluctuation

of the substrate caused by the heater. It should be noted that the conductivity of the
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multilayer thin films decreased again when 10 garnet-type bilayers were prepared,
although the overall thickness of these three samples was kept almost constant. This
indicates that the interface density between both garnet-type materials has an influence on
the conductivity. The decreased conductivity of the multilayer thin film with 10 bilayers
shows that the interface, which is an introduced grain boundary, between the two

different garnet-type materials is an area of increased resistance.

To further investigate the influence of the multilayer microstructure on the conductivity,
two bilayers consisting of LigBalLa;Ta;O, and LigsLasZr;sTagsO12:ALOs -
(LigBaLa,TayO1|Lig sLasZr; sTagsO12:Al,O3)x2 - were prepared on a MgO(100)
substrate, with the characteristic that each single layer was about 100 nm (1000 pulses) in
thickness. Then, a LigsLa3Zr; sTagsO12:Al,05 thin film was deposited with 30,000 pulses
on top of the four previously deposited garnet-type thin films (34,000 pulses in total), so
that the last deposited single Lig sLasZr| sTagsO12:Al,O5 thin film should have the highest

impact on the measured conductivity of the prepared
structure - (LigBala;Ta,O1s|LisslasZr; sTags012:Al,03)x2|Lig sLasZr; sTagsO12: Al 0.
For the LigsLasZr; 5Tag s012:ALO; thin film
(dLrLzro ~ 2342 nm) on a (LigBala;Ta,015|Lig sLasZr; sTag 5012:Al,03)%2

substrate - (LigBala,Ta,0Os|LissLasZr; sTags012:Al,03)%x2|Lig sLasZr; sTag s012:Al,05
(diot = 2742 nm) - a total conductivity of o =7.2-10°S-cm ' was determined. This implies
the strong dependence of the conductivity on the microstructure of the thin film, whereby
the microstructure of the thin film is primarily depending on the substrate material (the
substrate can also be a previously deposited garnet-type thin film). This characteristic was
also found by Kim et al. [56]. The two introduced bilayers serve as a buffer layer for the
last deposited layer. It is thereby shown that the increase of conductivity is no direct effect
of the multilayer structure since one layer solely determines the conductivity. The
increased conductivity is enabled by lattice relaxation due to a lattice matched growth of
the last “thick” garnet-type layer, which probably leads to a less distinctive columnar

growth (cf. chapter 5.2.6).

The (Li6.5La3Zr1,5Ta0_5012:A1203|Li7La3Zr2012:Ga203)><n thin films behaved similar
to the (LigBalLa,Ta,Oyy|LigslasZr;sTagsO2:Al,03)xn  thin  films. Since the
(LigBaLa,Ta;01,|Lig sLazZr; sTag sO12:Al,03)x5 multilayer thin film with five bilayers

showed the highest conductivity, the number of bilayers was kept constant at five for the
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following three (LigsLasZr;sTags012:AlOs|Li7La3Zr;01,:Gay03)x5 thin films which
were prepared with different film thicknesses. Hereby, the intention was to investigate the
influence of the overall film thickness on the conductivity. The following conductivities
were obtained: ¢=7.3-10° S-cm™' (d = 2215 nm), 6=6.2-10° S.cm ' (d = 1612 nm) and
c=2.610°Scm™ (d = 1424 nm). This shows that the conductivity of the thin films
decreased as a result of decreasing overall thickness and increasing interface density
(grain boundaries). By increasing the deposition temperature from 600 °C to 620 °C a
(LigsLasZr; sTags012:AlL0s]Li7LasZr;012:Ga,03)x5  multilayer  thin - film  with a
conductivity of o = 2.9-107 S-em ' (d = 2742 nm) was obtained (it was proven by XRD
that the thin film was phase-pure). This is the highest conductivity of all prepared garnet-
type thin films measured in lateral geometry. The results of the conductivity
measurements are summarized in Table 7. The respective acronym of each garnet-type
material was used in this table: LLZGO - Li;LasZr;0;,:Ga,0O;, LLZTO -
LigsLasZr; sTag5012:A1,05 and LBLTO - LigBalLa,Ta;0q5.

Table 7: Summarized total conductivities of garnet-type thin films in dependence of the

deposition temperature, the amount of alternating layers, overall thickness and thickness

per layer.
Type of thin film 0.:(298 K)  Deposition & Overall thickness Thickness per
/S-cm™ /°C / nm layer / nm
LLZGO 1.2:10° 600 1956 1956
LBLTO 1.7-10° 550 2000 2000
LLZTO 2.9-10° 600 1861 1861
(LBLTO|LLZTO)*2 7.2-10°° 600 2540 635
(LBLTO|LLZTO)x5 7.7-10°° 600 2208 221
(LBLTO[LLZTO)x10 ~ 4.1-10°° 600 2418 121
(LBLTO|LLZTO)X2| 6 ~
LLZTO 7.2:10 600 2742 100/2342
(LLZTO|LLZGO)x5 7.3-10° 600 2215 222
(LLZTO|LLZGO)x5 6.2:10°° 600 1612 161
(LLZTO[LLZGO)x5 2.6:10° 600 1424 142
(LLZTO|LLZGO)x5 2.9-10° 620 2742 274
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It was demonstrated that garnet-type LisLa;Zr,01,:Ga0s, LigsLasZr; sTags012:Al,O3 and
LigBalLa,Ta,O;, single layer garnet-type thin films deposited via PLD have electrical
conductivities comparable to “LiPON” [50, 51]. If garnet-type thin films with two
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alternating garnet-type phases were prepared, an increase in conductivity and a decrease
in activation energy of the conductivity were observed compared to the single layer thin
films when measuring in lateral geometry. However, this increase in conductivity is
actually only an approach towards bulk conductivity. This means that the conductivity of
multilayer garnet-type thin films is only increased relative to the single layer thin films.
The single layer thin films show a decreased conductivity relative to the bulk material.
The increase in conductivity of the multilayer thin films appears to be an effect of the
microstructure of the films. The microstructure effect is probably caused by a sequential
increase of “substrate quality” (lattice matching) for each subsequently deposited layer
due to the multilayer structure. Each layer acts as a buffer layer for the next one. Thereby,
a lattice relaxation is possible and the columnar growth is less distinctive. It is assumed
that this next layer has a lower density of grain boundaries (columns are wider).
Impedance measurements in lateral geometry determine the contributions of the grain
boundary and the bulk resistance in series due to the columnar growth of the thin film. A
summed up resistance of both contributions parallel to the substrate capacity determines
the impedance behavior. Furthermore, it was demonstrated that transport across grain
boundaries leads to higher resistances. Therefore, a higher contribution of the bulk
compared to the grain boundaries leads to a reduced overall resistance. Hence, a high
density of grain boundaries/interfaces leads to a low conductivity. A decreasing density of
grain boundaries results in an increase of the conductivity finally approaching the bulk

ceramic conductivity.

It was observed that four alternating layers (two bilayers) provide a sufficient increase in
“substrate quality” for an increase of over 100 % in conductivity compared to the
respective single layer thin film. Even if the four layers were only about 400 nm thick and
a fifth layer on top was about 2 pm in thickness, thereby determining the resistance of the
material (83 % of the garnet-type thin film thickness is caused by the fifth layer), the
same increase in conductivity was observed. The
(Lig sLasZr; sTag s012:Al,0s]Li7La3Zr,012:Ga,03)x5  multilayer thin film prepared at
620 °C shows an increase in conductivity of about one order of magnitude compared to a
single layer LigsLasZr; sTags012:Al,05 thin film and a factor 24 compared to a single
layer LisLa3Zr,01,:Ga,0O5; thin film. A decrease in conductivity was observed for
multilayer thin films with a homogenous distribution of layers if the thickness per layer

was below 160 nm. In this case, the increase in the number of layers (lattice relaxation)
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cannot compensate the effect of high resistances at the layer interfaces (charge transport
resistance at the grain boundaries). This demonstrates that the garnet/garnet interfaces
have a higher resistance compared to the “bulk” of the thin film. Therefore, thin film
interfaces are not desirable due to the high resistance, but the resulting lattice relaxation
superimposes this effect if the density of interfaces is kept low. These results show that
the conductivity of garnet-type thin films strongly depends on deposition temperature and
on substrate quality (lattice matching). A detailed model for the different conductivity
behavior of the garnet-type thin films will be introduced in chapter 5.2.6 after the

conductivity measurements in lateral geometry.

Similar results were obtained by Kim et al. [56] who prepared LisLa3;Zr,0;,:Al,05 garnet-
type thin films by PLD on garnet-type Gd;GasO;, (GGG) substrates and observed a
dependence of the conductivity on the substrate orientation. For (100) oriented GGG they
obtained conductivities of 6=2.5-10° S-cm™' and o = 1.0-10° S-cm™" for (111) oriented
GGG with activation energies of 0.55 eV and 0.52 eV, respectively. The conductivities
were measured in lateral geometry. These results show the impact of the substrate on the
conductivity of the garnet-type thin film. The conductivity determined by Kim et al. for a
(100) oriented LisLa3Zr,01,:Al,03 1s in good agreement to the measured conductivity of a
single layer garnet-type LigsLasZr;sTagsO12:Al,Os thin film on MgO(100). The
conductivity of the Li;La3Zr;012:Al,0; thin film prepared by Kim et al. on a (111)
oriented GGG is comparable to the conductivity of the multilayer garnet-type thin films
presented in this study. However, the activation energies of the conductivity differ by
about 0.1 eV. The temperature region for the determination of activation energies by the
group of Kim et al. was quite narrow (25 °C - 80 °C) and the impedance was only

measured at five different temperatures.

5.2.5 Conductivity measurements in axial geometry

The axial conductivity of garnet-type thin films on top of ITO substrates was determined
by electrochemical impedance spectroscopy and by dc polarization. The activation energy
of the conductivity was determined by measuring the electrochemical impedance as a
function of temperature. An impedance measurement for a LigBala,Ta;O,, garnet-type

thin film with a thickness of 1 pm can be seen in Figure 30. The depicted measurements
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were taken at 0 °C and at 70 °C with an applied amplitude of 10 mV. The measurement
was conducted using an extended ITO electrode (1 cm?) and a 1 mm circular gold
electrode. Figure 30 a) and b) show the Nyquist plot of the measurements at 0 °C and
70 °C, respectively. The measured data are shown as open circles whereas the fitted data
are shown as red, solid line. The equivalent circuit used for the fit is displayed in the
upper left corner of the plots. The equivalent circuit consists of a resistor parallel to a
constant phase element (RQ) which was used to fit the high frequency term of the
impedance data. The semicircle at lower frequencies was fitted using again a constant
phase element connected parallel to a resistance. Figure 30 ¢) and d) show the respective
Bode plots of the garnet-type thin film sample. It can be seen that the temperature
dependence of the total resistance is small in a temperature range from 0 °C to 70 °C.

Nevertheless, the sample showed a reduced total resistance with increasing temperature.
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Figure 30: The electrochemical impedance behavior of a garnet-type LigBala;Ta,O1;
thin film sample on an ITO substrate is shown. The measurements were taken at 0 °C and
at 70 °C. a) and c¢) show the impedance measurement at 0 °C as and b) and d) show the

respective measurement at 70 °C as Nyquist and Bode plots.
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The conductivity determined from the total resistance was
o=610" S-cm™ (R =2584 Q) at 25 °C. The conductivity is thereby higher compared to
a LigBalLa,Ta,O;, garnet-type thin film measured lateral, but lower than the conductivity
of the bulk ceramic samples [43, 44, 105]. The activation energy of the conductivity was
calculated to be £, =0.04 eV from the fit of the slope of In(o7) versus (1/7), as seen in
Figure 31 (here 1000/T was used for the abscissa). This result is unexpected since the
typical activation energy of the conductivity of LigBala,Ta,O,, garnet-type thin films is
about £, ~ (0.4 - 0.5) eV and the activation energy for garnet-type bulk materials ranges
between 0.2 eV - 0.5 eV [9, 18, 39, 42, 44, 118, 119]. Hence, it can be assumed that the
determined activation energy does not represent ionic transport across the garnet-type thin
film. The measured activation energy of 0.04 eV belongs more likely to the ITO substrate
for which an activation energy of the conductivity of 0.02 eV was determined in a

separate measurement.
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Figure 31: Total conductivity (from ac impedance) of an axially measured
LigBalLa,Ta,O;, garnet-type thin film. The conductivity was calculated from the slope of
the linear fit. The black squares represent the measured data, the red solid line represents

the linear fit. Additionally, an arrow with a dashed grey line indicates room temperature.
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In order to specify the measured conductivity, ionic or electronic, dc polarization
measurements with blocking electrodes (Pt and Au) were conducted. The 1 pum thick
sample was polarized in a range from —1 V to 1 V, at 25 °C, showing ohmic behavior with
a resistance of 2586 Q (Figure 32) which is in good agreement with the electrochemical
impedance measurement at 25 °C being 2584 Q. It has to be remembered that the
electrochemical impedance measurement gives the total resistance, whereas the dc
polarization measurement with blocking electrodes yields the electronic resistance. Since
the obtained resistance values agree well one can consequently assume that the
determined conductivity is mainly caused by electrons/electron holes meaning that a short
circuit has occurred. This behavior could be observed throughout all axial conductivity

measurements of single garnet-type thin films on ITO and on platinum coated MgO(100)

substrates.
1.0
Au-electrodi
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Figure 32: dc polarization measurement of a 1 um thick garnet-type LigBalLa;Ta;O1; thin

film sample with blocking electrodes ($ =25 °C). An ohmic resistance was received.

In the end, axial conductivity measurements of LicBalLa,Ta;O;, garnet-type thin films

were successful when multiple LigBala,;Ta,0;; thin films were deposited on top of each
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other. For this purpose a platinum coated MgO(100) substrate was heated to the
deposition temperature of LigBala;Ta;0,, and 10,000 pulses were applied. Thereafter, the
substrate was cooled to 50 °C from ~550 °C with a rate of 15 °C/min. After reaching
50 °C, the substrate was heated again and the next LigBala,;Ta;O;, thin film (10,000
pulses) was deposited. This process was continued until a total of four LicBaLa;Ta;O
garnet-type thin films (di: = 3.5 um) were deposited onto each other. The impedance
spectrum of a LigBalLa;Ta;O;, thin film prepared in such a manner is shown in Figure 33
at 0 °C and at 70 °C as Nyquist and as Bode plot, respectively. Figure 33 a) and b) shows
the Nyquist plot of the sample at 0 °C and 70 °C. The measured frequency range was
larger than displayed in the Nyquist plot. An enlarged selection of data points is presented
in order to show the semicircle of the material, otherwise the scaling due to the electrode
impedance would not allow an observation. The measured data is shown as open circles.
The fit of the measured data is shown as a red line. The equivalent circuit model used for
the fit comprised of a resistance parallel to a constant phase element in series with a
constant phase element (R;Q;)Q,. This equivalent circuit was the simplest equivalent
circuit that is mathematically capable of describing the measured data. The resistance
parallel to the constant phase element describes the non-ideal semicircle of the sample at
high frequencies. The constant phase element in series to the (RQ) describes the blocking
behavior of the electrodes and was used instead of a capacity due to the fact that the phase
angle slightly differs from —90°. The oblated semicircle resulting from the garnet-type
material and the constant phase element of the blocking electrode have similar time
constants, which lead to a merged impedance response. This complicates the fit as only
half the data points of a semicircle are accessible at low temperatures. Furthermore, the
number of data points that originate from the garnet-type material (semicircle) decrease
with increasing temperature. This is caused by a non-equivalent shift of the time constants
of the garnet-type material (semicircle) and of the gold electrode (constant phase element)
to higher frequencies with increasing temperature. Subsequently, the data at 70 °C could
not be fitted because there were not enough data points that belonged to the garnet
material semicircle as can be seen from the inset in Figure 33 b). The corresponding Bode
plots of the impedance spectra of a LicBalLa,Ta,O;, garnet-type thin film measured in

axial geometry at 0 °C and at 70 °C are shown in Figure 33 ¢) and d), respectively.
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Figure 33: The electrochemical impedance behavior of a garnet-type LicBalLa;Ta;O;, thin
film sample deposited in four consecutive steps on a platinum coated MgO(100) substrate
is shown. The measurements were taken at 0 °C and at 70 °C. a) and c¢) show the
impedance measurement at 0 °C as Nyquist and Bode plot. b) and d) show the respective

measurement at 70 °C as Nyquist and Bode plot.

The resulting conductivity of the sample at 0°C was determined to be
o=510°% Scem' (R =10.08kQ; 0,=2.67-10"" Fs®"  exponent =097,
0,=1.18:10" Fs® ) exponent a = 0.93), with a sample thickness of 3.2 um (determined
from secondary electron microscopy cross section) and an electrode area of 6.36:10~ cm’
(m - 0.045% cm?), which was derived from the small circular gold electrode. The reduced
electrode area compared to the 0.5 mm radius of the mask is caused by shading during

thermal evaporation.

The conductivity at 25 °C was determined to be o= 3.3-10" S:cm™'. The specimen had an
activation energy of the conductivity of £, = 0.5 eV. The activation energy was derived
from the slope of the linear fit from In(o7) versus (1/7) in the temperature range from

—24 °C to 65 °C. The respective Arrhenius plot is shown in Figure 34.
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Figure 34: Arrhenius plot of an axially measured LicBala,Ta,0;, garnet-type thin film
(3.2 um thick). The thin film was deposited in four consecutive steps on a MgO|Pt
substrate. The activation energy of the charge transfer was calculated from the slope of
the linear fit. The black squares represent the measured data; the red, solid line represents

the fit. Additionally, an arrow with a dashed grey line indicates room temperature.

dc polarization measurements were performed on the garnet-type LigBala,Ta,0;, thin
film sample that was deposited in four consecutive steps. The large platinum counter
electrode (1 cm?) was polarized positively relative to the small, circular gold working
electrode (6.36:10 cm?). The potential difference between the two electrodes was raised
in 0.2 V steps from 0 V until 5 V were reached. The potential difference applied in each
step was constant for 20 minutes, which was sufficient to receive a steady state current.
Figure 35 a) shows the current transient (current as a function of time) at a potential
difference of 2 V. It can be seen that a stable steady state current was received after at
least 15 minutes. In order to determine the value of the steady state current a linear fit
with a fixed slope of 0 As™' was carried out at the last 5 minutes of the respective current
transient. The steady state current of each polarization potential was then plotted as a

function of the applied voltage as is shown in Figure 35 b). The current response can be



Results and Discussion

separated in three parts. Part I (0 V - 1.6 V) shows a plateau. Here, the current is a linear
function of the applied voltage and has a value of about /=3.6-10"" A at U=0.2 V,
resulting in an electronic conductivity of oy =3.6-10"" S-cm™. Part Il (1.6 V - 3.8 V)
shows a strong increase of the current as a function of the applied voltage. Part I and part
II together look like a Hebb-Wagner polarization plot with the exception that two
blocking electrodes were used. The reason for the shape of part I and part II is the same as
for the Hebb-Wagner polarization plot of the bulk garnet-type sample (cf. chapter 5.1.2).
In part I the contribution from electrons and electron holes was almost equal and both
compensate each other. The current increase in part II was caused by polarization of
lithium ions towards the gold electrode, which lead to an electron hole dominance as

described in Eq. 5.6.

A maximum of the current I =310 A is reached at U=3.8 V, resulting in an
electronic conductivity of oy =4-10"" S-cm™'. The increase in electronic conductivity is

marginal, yet distinct.

The current decreased again for potential differences greater than 3.8 V (part III). This is
probably caused by a decomposition of the garnet-type material. The resulting
(decomposed) material has a lower electronic conductivity (in sum) in comparison to the
initial garnet-type material. The decomposition of the garnet-type material starts at about
3.8 V applied between the platinum and the gold electrode. A reference potential cannot
be given for this process as the responsible redox couple is unknown. The local current
minimum is reached at U=5V with /=2.610" A. The calculated electronic
conductivity is oy = 2.6:10"' S-cm™!. The error of each data point was deduced from the
error of the intercept from the linear fit of the current versus time plot. As a guide to the
eye a red line is indicated in part I and part II of the plot (the indicated line does not

represent a mathematical model).

87



Results and Discussion

Ca = b
-8 Au—electrodi RIS 2 4 - )
15 - [ I I
L LisBala,Ta,0;,
i P
10| ek | I
< L
- b
6 / =0.3nA
= Ss ‘
0 ;\W
0 5 10 15 20
t/ min ulv

Figure 35: dc polarization measurement of an axially measured LigBalLa,;Ta,0,, garnet-
type thin film (3.2 um thick) deposited in four consecutive steps on a platinum coated
MgO(100) substrate with a circular gold electrode on top. a) Current transient at a
potential difference of 2 V between the gold and the platinum electrode. The steady state
current was deduced from a linear fit of the last 5 minutes. b) Plot of the steady state
current versus the applied voltage. The red line is only a guide to the eye and does not

represent a mathematical model.

5.2.6 Conductivity model

Garnet-type thin films show a columnar microstructure in growth direction. Furthermore,
grain boundaries and interfaces appear to have higher impedance than the bulk of the
grains. These two characteristics are the basis for the conductivity model outlined
schematically in Figure 36. Figure 36 a) is a detail of a garnet-type thin film where a grain
in contact with other grains can be seen. The inner regions of a grain (yellow) show bulk
(ceramic) conductivity. Grain boundaries (black) are surrounded by regions of reduced
conductivity (red). In general the pictograms show by their color distribution whether the
respective thin film has a high (high fraction of yellow in the pictogram) or low (high

fraction of red in the pictogram) conductivity.

A single layer thin film with a columnar microstructure (Figure 36 b) has many grain
boundaries perpendicular to the substrate. The resistances of the grains and of the grain
boundaries sum up to one resistance if the conductivity is determined in lateral geometry

(parallel to the substrate). Due to the capacity of the substrate which is parallel to this
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resistance only one semicircle can be seen in the impedance measurement. If conductivity
measurements are performed in axial geometry, the bulk resistance is parallel to the larger
grain boundary resistance, thereby the total resistance is smaller compared to the
resistance in lateral geometry. The conductivity determined in axial geometry is thereby
higher. In axial geometry only one semicircle can be seen because the grains and the grain
boundaries are parallel to each other resulting in one (RC) with contributions of grains

and grain boundaries. The substrate impedance is not measured in this geometry.

If the columnar microstructure is interrupted by the deposition of multilayers
(Figure 36 c) lattice matched growth and relaxation of strain is possible. Each layer acts
as a buffer layer for the subsequent layer. Thereby the crystallite size is increased (the
columns get wider) and the density of grain boundaries is reduced. As an effect a higher
conductivity of the multilayer structures compared to single layer thin films can be
measured in lateral geometry. This conductivity approaches the conductivity of the bulk
ceramic material. Conductivity measurements have shown only one semicircle due to the

capacity of the substrate (lateral geometry).

If the number of multilayers (Figure 36 d) is further increased while maintaining the film
thickness the interface/grain boundary density is raised. The number of grain boundaries
is reduced due to the multilayer structure in xy-direction but as a consequence an increase
of grain boundaries in z-direction is achieved. This is the reason why conductivity
measurements conducted on multilayer thin films in lateral geometry showed a

decreasing conductivity with increasing interface/grain boundary density.

If one thick garnet-type layer is deposited onto multiple thin garnet-type buffer layers
(Figure 36 e) the crystallite size increases with each layer. This leads to an increased

conductivity of the thin film compared to a single layer thin film in lateral direction.

For verification, a determination of the crystallite size of multilayer thin films would be
necessary. This is not possible by XRD because the different garnet-type materials have a
slightly different lattice constant which leads to a broadening of the reflexes as can be
seen in Figure 22. Hence, to verify this conductivity model high resolution TEM studies

would be necessary.
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Figure 36: Illustration of the conductivity model for garnet-type thin films prepared by
pulsed laser deposition. a) Detail of a garnet-type thin film. The grain boundaries show
decreased conductivity. b) Single layer thin film with columnar growth. ¢) Multilayer thin
film with interrupted columnar growth. d) Multilayer thin film with a high interface/grain
boundary density. e) Four garnet-type buffer layers with a garnet-type thin film on top.
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5.2.7 Protective coatings

There are several variants possible for the use of garnet-type thin films as protective
coatings. There can be either a coating of the electrode(s), in particular the coating of the
positive or/and negative electrode(s). Another option is to apply a coating on the surface
of another solid electrolyte which is not stable versus a specific component of the cell
e.g., metallic lithium. The advantage hereby is to benefit from the properties of both
materials — the protective coating material and the material that is thereby coated. The
combination should of course yield more beneficial material properties than the

unprotected material has itself.

Figure 37 shows a good example of such a beneficial combination. Here, a commercially
available Ohara electrolyte (Ohara Inc., Kanagawa, Japan), which is a NASICON-type
glass ceramic, was coated with a thin layer of garnet-type LisBala,Ta,O,,. The deposited
thin film had a thickness of about 200 nm and was applied as two circular areas.
Figure 37 a) shows the pristine Ohara electrolyte sample where the LigBalLa,Ta;0O,
covered areas are indicated by arrows. Metallic lithium was mechanically pressed onto
the sample surface and remained there for 12 h. The lithium was peeled off afterwards. It
can be seen from Figure 37 b) that the LicBalLa,Ta,0;, covered areas remain white and
unchanged after being exposed to metallic lithium. The unprotected areas of the Ohara
electrolyte in contrast show a discoloration, the material gets blackened. Thereby, it can
be seen that Ohara electrolyte is chemically unstable versus metallic lithium, but a thin
layer of a garnet-type material can be applied as protective coating. Figure 37 ¢) shows a
cross section of the LigBala,Ta;O,, garnet-type thin film with a thickness of about 200
nm on top of the Ohara electrolyte in a SEM. The garnet-type coating forms a smooth,

dense and electron blocking barrier on top of the Ohara electrolyte.
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Ohara
electrolyte

Figure 37: An Ohara glass ceramic electrolyte was coated in two circular areas with a
LicBalLa,;Ta;0, thin film. The Ohara electrolyte with NASICON structure is chemically
not stable versus metallic lithium. a) Pristine Ohara sample before it was in contact with
metallic lithium. b) The sample after 12 h in contact with metallic lithium. The areas with
LigcBala,;Ta;0;, coating remain white, whereas the uncoated areas show a color change.
The inset c) at the bottom of the figure shows a cross section of the 200 nm thick
LigBalLa,Ta;O;; film on top of the Ohara electrolyte viewed in a SEM.

In addition to the coating of another solid electrolyte by a garnet-type thin film, coatings
of electrode materials are also possible. For this example a LisTisO;, ceramic pellet that
could be used as anode material was polished and a layer of LigBalLa,Ta,0;, was applied
via pulsed laser deposition. Figure 38 shows the results of the SEM measurement. Figure
38 a) shows an illustration of the prepared sample and gives an overview of the different
SEM pictures that were taken. Figure 38 b) depicts a cross section image in which the
well-covering LigBal.a;Ta;O,; thin film with a thickness of about 1.5 pm is shown on top
of the LisTisO,, bulk sample. Pores resulting from the sintering process can be observed
in the cross section of the LisTisO;, sample. Figure 38 c) represents a top view SEM
picture of the sample. Here, the border between the LigBala;Ta;O,; thin film and the
Li4TisO; bulk sample is shown. The LigBalLa;Ta,0O;; thin film is on the left hand side of
the picture and the LisTisO;, bulk sample is on the right hand side. It can be seen that the
pores in the bulk LisTisO;, sample can also be observed in the top view SEM picture

(uncovered area) but that the pores get covered by the garnet-type thin film in the coated
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area. Figure 38 d) shows a SEM top view picture taken from the middle of the sample.
The LigBala,Ta;O,, thin film seems to be highly crystalline and appears to have no
pores, pinholes or cracks. The garnet-type material forms a dense layer on top of the

Li4Ti5012 pellet.

a) d. i
G top view LisBala,Ta,0;,
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Figure 38: LisBala;Ta,0,; thin film applied to a Li4TisO;, ceramic pellet. a) Illustration
of the sample. The different areas of the SEM pictures are indicated. b) Cross section of
the garnet-type thin film (top — light grey) on top of the LisTisO,, bulk material (bottom —
dark grey). Many pores can be seen in the LisTisO;, bulk material. ¢) Top view of the
sample at the border between the LicBalLa,Ta,O;, thin film coating (left) and the
Li4TisO;, bulk material (right). d) Top view SEM picture taken from the middle of the
sample depicting the garnet-type thin film coating.

This sample was not used as a battery electrode and served only to demonstrate the ability

of garnet-type thin films to cover bulk electrode materials.

Hence, it was shown that garnet-type thin film coatings can be successfully deposited on
a variety of other materials. These coatings can be used on other solid electrolyte

materials or on electrode materials. Thereby, the thin film coating can increase chemical
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stability as shown for the Ohara electrolyte and is furthermore capable to even out small
pores. However, only materials that are stable during the deposition process

(Po, = 5-107% mbar, 9~ 500 °C - 600 °C) can be used as substrate.

5.2.8 Ion-selective membranes

Anodized aluminum oxide coated with garnet-type material was subject of permeation
testing before applying the ion-selective membranes to galvanic cells. Therefore, a dye
concentration cell was used where one side contained methyl red and the other side was
filled with 2-propanol. The two liquid-containing compartments were separated by a

LigBal.a,Ta,01, coated anodized aluminum oxide membrane.

Figure 39 shows the dye concentration experiment where a), b) and ¢) show the starting
time of the experiment and d), e) and f) show the measurement after a certain time. The
experiment was performed with three different membranes. The first set (Figure 39 a)
served as reference for the following experiments. It contained a laminated but uncoated
anodized aluminum oxide membrane as separator between the two liquid compartments.
It can be seen that mixing of both liquids took place immediately. The right compartment
already showed an orange discoloration at = 0 s. During the filling of the concentration
cell the dye already entered the 2-propanol compartment. The uncoated membrane is

unable to prevent a mixing of the liquids (Figure 39 d).

Figure 39 b) shows a coated anodized aluminum oxide membrane that was laminated and
placed between the two glass tubes. It was possible to fill the cell with both liquids
without mixing. However, after 25 minutes a diffusion of the dye was observed (Figure
39 e). An anodized aluminum oxide membrane coated with garnet-type material that was
additionally sealed as described in the experimental section was used for the dye
concentration experiment in Figure 39 c). No mixing of the dye and 2-propanol could be
observed over a longer period of time. Figure 39 f) shows the status of the experiment

after 24 hours.
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Figure 39: Dye concentration experiment for permeation testing. a) Uncoated anodized
aluminum oxide. b) Anodized aluminum oxide coated with garnet-type material. c)
Anodized aluminum oxide coated with garnet-type material. The transition between
membrane and lamination foil was not sealed additionally. d) Uncoated anodized
aluminum oxide after 5 minutes. ) Anodized aluminum oxide coated with garnet-type
material after 25 minutes. f) Anodized aluminum oxide coated with garnet-type material

with additional sealing.

The anodized aluminum oxide membrane coated with garnet-type material seen in
Figure 39 b) and e) was examined after the experiment to find the cause of the dye
diffusion. It turned out that the dye was able to flow around the coated membrane area.
Figure 40 shows this membrane after the dye concentration experiment. The dye was able
to creep in between the lamination foil and the membrane. Thereby, the liquids were able
to flow around the garnet coated area whereby the liquids gained access to the pore

system of the anodized aluminum oxide.
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Figure 40: Coated anodized aluminum oxide without additional sealing. The liquids were
able to creep under the lamination foil. Thereby, the liquids could flow around the coated

arca.

Hence, an additional sealing of the transition between lamination foil and membrane was

necessary in order prevent the mixing of the liquids.

After verifying that the ion-selective membranes were dense they were applied to Li-S
cells in cooperation with Dr. Heino Sommer (BELLA, KIT). The liquid electrolyte
consisted of DME, DOL and LiTFSI without shuttle preventing additives like LiNO3. The
discharge-charge behavior was observed for a total of 30 cycles (Figure 41). Figure 41 a)
shows the evolution of the discharge-charge voltage profiles. Depicted are the cycles 1, 2,
10 and 30. Tt can be seen that the upper charge potential limit of 2.5 V versus Li"/Li is
reached during each cycle. Although an ion-selective membrane was used the Li-S cell
still shows capacity loss during cycling. Figure 41 b) shows the specific capacity during
charge and discharge as blue triangles (tip pointing upwards) and as red triangles (tip
pointing downwards), respectively. Additionally, the coulombic efficiency (specific
discharge divided by the specific charge) is shown as black, connected diamonds. After
the first cycle the Li-S cell shows a typical drop of the specific charge. Beginning with the
second cycle the specific charge is stabilized, resulting in a coulombic efficiency of 98 %
after 30 cycles. Noticeable is the small specific capacity of the cell, which is caused by an
increased cell resistance due to the ion-selective membrane. Thus, the cut off potential is
reached faster which leads to an incomplete discharge-charge behavior, limiting the

capacity.
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Figure 41: Discharge-charge behavior of a Li-S cell with garnet-type membrane
(§ =25 °C, without LiNOs). a) Evolution of the voltage profiles. b) Specific capacity in

dependence of the cycle number. Additionally, the coulombic efficiency is displayed.

In order to evaluate the discharge-charge behavior of the Li-S cell with ion-selective
membrane a comparison to a Li-S cell without ion-selective membrane was conducted.

Figure 42 shows the discharge-charge behavior of a Li-S cell without garnet-type coated
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anodized aluminum oxide membrane, or a shuttle preventing additive, over a period of

five cycles. Figure 42 a) shows the evolution of the discharge-charge voltage profiles.

Depicted are the cycles 1, 2 and 5. It can be seen that the upper charge potential limit of
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2.5 V versus Li'/Li is not reached due to the polysulfide shuttle. The charge process was
stopped after 10 h which explains the big discrepancy between the charge and discharge
capacity of the cell (Figure 42 b). The calculated coulombic efficiency is about 35 %. The
comparably small coulombic efficiency is a result of the undesirable polysulfide shuttle.

Nevertheless, the specific charge-discharge capacity is higher as a result of a lower cell

resistance caused by omission of the ion-selective membrane.

Figure 42: Discharge-charge behavior of a Li-S reference cell without ion-selective
membrane (3 =25 °C, without LiNOs). a) Evolution of the voltage profiles. b) Specific

capacity in dependence of the cycle number. Additionally, the coulombic efficiency is

displayed.
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6. Summary and Conclusions

Six different lithium ion conducting garnet-type bulk materials (LigBala,;Ta,0s,
Li;La3Zr,012:Gay03, LigsLasZr; sTags012:AlL 05, LizLasZr, (Ta, Oy, for x = 0.5, 1.0 and
1.5) were synthesized by high temperature solid state processing. The garnet-type
structure was verified by x-ray diffraction. Among those different garnet-type bulk
materials special attention was given to LigBala,Ta,O;, which showed a total
conductivity of about o= 5.8-10" S-cm™" at room temperature with an activation energy
of E,=0.45 eV. The electronic partial conductivity of the material was determined by

1

Hebb-Wagner polarization measurements to be between o=3.110" S-em”' and

o=13.710""S-cm ™' in the voltage range from 2.85 V to 4.3 V. This leads to an electronic
transference number in a range from zy = 5.34-10"° to 6.4-10°°. Hence, the transference
number for lithium ions is nearly unity. The proposed defect formation (cf. Eq. 5.6) for
the LicBala,TayO;, garnet-type material leads to the conclusion that at higher
polarization potentials mainly electron holes contribute to the electronic current. As Ba,

La and Ta are present in their highest oxidation states, these holes will be formed in the

O2p band.

By ablation of the respective garnet-type bulk materials via pulsed laser deposition each
garnet-type material could be prepared as thin film. However, only LigBala;Ta;0,,
LigsLasZr; sTagsO012:Al,O3 and LisLasZr,01,:Ga;O3 garnet-type thin films were phase
pure. The origin of the phase impurities in the Li;_La;Zr, ,Ta, O, (x = 0.5, 1.0 and 1.5)
thin films is not entirely clear. It seems that garnet-type thin films in general need a higher
amount of stabilization than the respective bulk material. The stabilization of the garnet-
type thin film structure can either be achieved by addition of Al,O3; or Ga,Os; or by a
reduced Zr content, thereby raising the Ta content. For this reason LigBala,Ta;0O,,
LigsLazZr; sTags012:Al,O5 and LisLa3Zr,01,:GayO5 garnet-type thin films were studied
more intensively in this thesis. Of the deposited garnet-type single layer thin
films the measured in lateral geometry lowest total conductivity was observed for
Li;La3Zr,012:Ga;05 (Ojat = 1.2-10°° S~cm*]) whereas the highest total conductivity was
observed for LigsLasZr sTagsO12:ALOs (o1 = 2.9-10° S.em™). The LigBaLa,TaO1,
garnet-type thin films showed an intermediate total conductivity of oj, = 1.7-10° S-cm™
and an activation energy of E,=0.48 eV. The conductivities were determined by

electrochemical impedance spectroscopy in lateral geometry and are comparable to the
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conductivity of “LiPON”. Hebb-Wagner polarization experiments could not be performed
in lateral geometry as the measured currents were too low. However, in situ dc
polarization within a SEM in lateral geometry using a lithium counter electrode and a
platinum microelectrode visually proved the ion conductivity of the garnet-type thin
films. A significant influence of the substrate and of the thin film microstructure on the
conductivity of the prepared garnet-type thin films was observed. In case of a MgO(100)
single crystal substrate the garnet-type thin films were free of cracks, in contrast to
garnet-type material deposited on ITO or on platinum coated MgO(100) substrates.
Cracks appeared due to unmatched thermal expansion coefficients during cooling from
9= 550 °C after the thin film deposition. Furthermore, TEM experiments revealed that
droplets can also be a source of short circuits, because a subsequent ablated material can
be deposited between the droplet and the surrounding thin film as the subsequent material

is often deposited at another temperature.

A successful strategy to avoid short circuits is the deposition of multiple garnet-type
layers as demonstrated with LigBala;Ta,O;, on a platinum coated MgO(100) substrate.
Therefore, the substrate was cooled after the first LisBalLa,Ta,0,, layer was deposited
until a temperature of 50 °C was reached. This was followed by a repetition of the
deposition process: Heating, deposition and cooling, until four subsequently deposited
LigBala,;Ta;0,; layers were achieved. Thereby, already formed cracks in the previous
garnet-type thin film were filled by the following garnet-type layer. Temperature
dependent electrochemical impedance measurements revealed a total conductivity of
Ouxial = 3.3-10° S'em! at room temperature for LicBala,Ta;O;, measured in an axial

geometry between a large platinum counter electrode and a circular gold electrode.

The determined total conductivity in axial geometry across the thin film is in accordance
with the total conductivity of the bulk material. By comparing the conductivity of the
LigBala;Ta;O,; thin films in lateral and axial geometry the influence of the thin film
microstructure is revealed. The anisotropic conductivity behavior of garnet-type thin films
is most likely caused by a columnar microstructure. Columnar growth appears to form
grain boundaries with high impedance perpendicular to the substrate. Thereby, the grain
boundaries have a bigger influence on conductivity measurements performed in lateral
geometry than on conductivity measurements performed in axial geometry as long as the

film is formed by long columns perpendicular to the substrate. However, the conductivity
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model introduced in chapter 5.2.6 needs further verification by high resolution TEM
measurements. The activation energy of the conductivity was determined to be
E,=0.5¢V in axial geometry which is comparable to the activation energies determined
in lateral geometry (£, = 0.48 eV). For the conductivity measurements in axial geometry
a self-made measurement setup with 26 circular electrodes (@ = 0.9 mm) and a Peltier

element was constructed.

The electronic conductivity was determined to oy = 3.6:10" Ssem™ at U=0.2 V in
lateral geometry by dc polarization using two blocking electrodes (platinum and gold) and
had its maximum at a polarization potential of U= 3.8 V with an electronic conductivity
of oy =410"" S.em™'. A further increase of the applied potential caused a material
decomposition as a consequence the current was decreased. The resulting electronic

conductivity was o = 2610 SemtatU=5V.

By depositing garnet-type multilayer structures with two different, alternating garnet-type
materials the columnar growth was interrupted and the substrate quality was
increased by improved lattice matching with each subsequent layer. A
(LigBaLa,TayO1;|Lie sLasZr; sTags:Al,O3)x5  garnet type thin film prepared at 600 °C
showed a lateral conductivity of oj, = 7.7-10° S-cm™! which indicates an increase
compared to the conductivity of the garnet-type single layers. This increase in
conductivity was also observed for a deposition of four alternating garnet-type layers with
a total film thickness of d=~400 nm, followed by an additional layer of
LigsLasZr; sTags:Al,O3 with a thickness of d ~ 2300 nm. Therefore, the last layer
determines the conductivity. The measured lateral conductivity of this thin film was
0'1at=7.2-1046 S-cmﬁl, which is in accordance with the conductivity of a

(LigBaLa,Tay0O;|Lig sLasZr) sTag 5:Al,03)%5 garnet-type multilayer thin film.

In order to investigate the influence of layer thickness on the total conductivity,
(Lig sLasZr; sTag s: Al,O3|Li7LasZr,01,:Gay03) x5 thin films with a constant number of five
bilayers were prepared at 600 °C by pulsed laser deposition. The highest lateral
conductivity of 0,(220 nm/layer) = 7.3:10° S-cm™' was achieved for a single layer
thickness of =220nm and decreased for approximately 160 nm per layer
(01(160 nm/layer)=6.2-10° S-cm™') to a value comparable to that of a

single layer (o(single layer)=1.7-10° S:cm™) thin film at ~140nm per layer
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(01(140 nm/layer) = 2.6:10° S-em™). This decrease in conductivity with decreasing layer
thickness showed that the interfaces between the two different garnet-type materials have
a higher resistance than the “bulk” of the thin film. Hence, thin film interfaces are in
general not desirable due to the additional resistance generated at the interface, but the
resulting lattice relaxation and the less distinctive columnar growth superimpose this

effect if the density of interfaces is kept low.

The highest lateral conductivity of oj,= 2.9-10°Scm! was observed for a
(LigsLasZr; sTag 5: Al,Os|Li7LasZr,01,:GayO3) x5 multilayer structure deposited at 620 °C.
This conductivity is comparable to that of an axially measured LigBala,Ta,0,, garnet-
type thin film showing that multilayer structures can overcome the anisotropic
conductivity of garnet-type thin films. Transmission electron microscopy of multilayer
structures revealed that the multilayer thin films possess smooth interfaces between the

different garnet-type phases and that the single layers show a columnar growth.

An overview of the determined conductivities for the different garnet-type thin films is
displayed by means of an Arrhenius plot in Figure 43. Depicted are
the  lateral  conductivities of  Li¢cBala,Ta;O, (LBLTO) and of a
(LigsLasZr; sTags:Al,Os|L17La3Zr,012:Gay03) %5 ((LLZTO|LLZGO)x%5) multilayer
structure prepared at 620 °C. The filled area between the Arrhenius plots of those two
garnet-type thin films indicates the conductivity region of the different garnet-type
multilayer structures. Furthermore, the conductivity measurement of LigBalLa,Ta;0,; in
axial geometry is shown. The temperature dependent conductivity data of LigBalLa,;Ta;O,,
and (LigsLasZr; sTags:Al,Os|Li7LasZr,01,:Gay03)x5 garnet-type thin films is shown in
the context of other lithium ion conducting thin films taken from literature (the respective

reference is stated in the figure and is also displayed in Table 1).

Possible applications for lithium ion conducting thin films besides the use in all solid state
batteries are their utilization as protective coatings. It was proven that LigBalLa,Ta,0;
thin films are able to prevent the reduction of materials that are chemically not stable
versus metallic lithium, as shown for an Ohara electrolyte (cf. chapter 5.2.7). Besides the
protection of another electrolyte material the coating of electrode materials could also be
a possible field of application. Therefore, a bulk pellet of LisTisO;, was covered with a
garnet-type thin film. The deposited thin film was able to cover smaller pores on top of

the ceramic LisTisO;, pellet.
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Figure 43: Survey of lithium ion conducting thin films by means of an Arrhenius plot.
Own measurements are represented by solid lines. The filled area indicates the
conductivity region of the different garnet-type multilayer structures. Reference data

taken from literature is shown as dotted lines. PA stands for post anneal.

Encouraged by these results, LigBalLa,Ta,O;, garnet-type thin films were deposited onto
porous anodized aluminum oxide substrates. Pores with a diameter of 100 nm were
successfully sealed. Hereby, lithium ion-selective membranes were constructed. Dye
concentration experiments proved that the membranes were impermeable for 2-propanol
and methyl red in ethanol. A subsequent employment in Li-S cells showed that the
resistance of the cell was increased compared to a cell without an ion-selective
membrane. This effect led to low specific capacities caused by fast reached voltage limits
during discharge and charge. However, the columbic efficiency was raised compared to a
reference Li-S cell from around 35 % to 98 % in the first cycles. Thereby, ion-selective
membranes could help to establish next generation cells. Furthermore, the utilization of
ion-selective membranes in hybrid cells would enable high cell capacities by the use of
standard electrodes coupled with a liquid electrolyte system. Shuttle mechanisms of

undesired redox active species could be suppressed by the ion selectivity of the
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membrane. In addition to that, different liquid electrolytes could be applied in two
mechanically separated electrode compartments. This could then lead to improved cell
characteristics as the liquid electrolyte can be adjusted suiting one particular electrode

material and does not have to be a compromise for both electrode materials.

Another application of ion-selective membranes could be waste recycling. This would be
especially beneficial for the recovery of lithium from used batteries. Here, lithium ions

could be separated from a solution or from a melt, as these membranes are temperature

stable up to 500 °C.

However, lithium ion conducting garnet-type thin films have several severe
disadvantages. One main disadvantage is the preparation by pulsed laser deposition. It is
not possible to cover big areas with this technique and the deposition is challenging as
well as expensive. Additionally, the substrate needs to be stable during the deposition
(9>500°C in a 5-10% mbar O, atmosphere) and one has to take into account that the
substrate might have a big influence on the conductivity. Furthermore, the preparation of
crack free garnet-type thin films is demanding, but by deposition of multiple garnet-type
layers crack formation can be overcome. In general solid electrolyte thin films should be
free of cracks and droplets, whereby both requests are difficult to achieve by pulsed laser
deposition. An ideal lithium ion conducting thin film, in addition to the characteristics
stated in chapters 3.1and 3.2, needs to be processed easily, e.g., by sputter deposition at
room temperature on flexible substrates for role to role processing. Thus, a commercial
application of garnet-type thin films seems unlikely at this time and further research

would be necessary.

So far, “LiPON” is the only commercially used lithium ion conducting thin film, and a
replacement by a thin film material with higher ion conductivities is desirable. A
successor will probably be either an amorphous or a glass ceramic, as these materials can
often be deposited at room temperature, possibly by sputter deposition, and the

stoichiometry does not have to be satisfied as for crystalline materials.

The most likely application of garnet-type materials, as long as sputter deposition is not
successful, would be as bulk electrolyte for all solid state thick film batteries, since the
garnet-type phases are stable versus metallic lithium and combine good lithium ion

conductivity with a low electronic conductivity.
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Appendix

8. Appendix

8.1 List of abbreviations

(X|Y)xn

AAO

ac

CAD

CMK-3

CVD

dc

DME

DOL

E,

EDX

EIS

ESB

FIB

GGG

HRSEM

Inlens

Multilayer thin film with alternating layers of material X and Y; » indicates

the amount of deposited bilayers.
Anodized aluminum oxide
Alternating current
Computer-aided design

Carbon mesostructures at Korea Advanced Institute of Science

Technology number 3

Chemical vapor deposition

Direct current

1,2-dimethoxyethane

1,3-dioxolane

Activation energy of charge transfer
Energy dispersive x-ray spectroscopy
Electrochemical impedance spectroscopy
Energy selective backscatter detector
Focused ion beam

Gallium gadolinium garnet — Ga;GdsO,,
High resolution scanning electron microscopy

Inlens detector

and
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IR Infrared
ITO Indium tin oxide
LATP Lithium aluminum titanium phosphate — a NASICON-type electrolyte

LBLTO LicBalLa,;Ta,0;, — garnet-type electrolyte

LLZTO LigsLasZr; sTag5012: Al 03

LLZGO Li;La3Zr,01,:Gay05

LFP LiFePO4 — a positive electrode material

Li-O, Lithium-oxygen galvanic cell

“LiPON” nitrogen doped glassy Li3PO4

Li-S Lithium-sulfur galvanic cell

LISICON  Lithium super ionic conductor

“LiSON” Nitrogen doped glassy Li,SO4

LiTFSI Lithium bis(trifluromethanesulfonyl)imide

LLT LizLay3, TiO3 — a perovskite-type electrolyte
LLZGO Cubic LisLa3Zr,0; stabilized by addition of Ga,0;
LLZTO Li; (LasZr, ,Ta, O, stabilized by addition of Al,O3
MS Magnetron sputtering

NASICON  Sodium super ionic conductor

PA Post anneal

PLD Pulsed laser deposition

Pt100 Thin film resistance thermometer
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PTFE Polytetrafluoroethylene

rf Radio frequency

RT Room temperature

S Sputter deposition

SE2 Secondary electron detector

SEM Scanning electron microscopy

TE Thermal evaporation

TEM Transmission electron microscopy
thio- LISICON-type electrolyte in which oxygen is replaced by sulfur
LISICON

XRD X-ray diffraction

8.2  List of symbols

(RQO) A resistance parallel to a constant phase element

(RO)C A resistance parallel to a constant phase element in series to a capacity
0 Vacancy in the chemical Formula of the perovskite LisLay/s, /3.2, T103.
u Mobility of species

A Area

a e Lattice constant

e Exponent of constant phase element

C Capacity
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Concentration

Thickness

Gibbs free energy
Electromotive force
Faraday constant

Electron hole

Current

Current density

Distance (between electrodes)
Amount of a species
Electrical power

Constant phase element
Ohmic resistance
Conductivity

Scattering angle
Temperature in K

Time

Temperature in °C

Time constant (impedance)
Voltage

Vacancy in Kroger-Vink notation
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X Variable for amount of a chemical species in sum formula

z Elementary charge
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