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pressure on structure and ionic
conductivity of epitaxial Li0.33La0.55TiO3 solid
electrolyte thin films produced by pulsed laser
deposition

K. Kamala Bharathi,†*ab H. Tan,†ac S. Takeuchi,a L. Meshi,ad H. Shen,a J. Shin,b

I. Takeuchib and L. A. Bendersky*a

We report on the ionic conductivity of Li0.33La0.55TiO3 (LLTO) epitaxial films grown on the (100) and (111)

surfaces of single crystal SrTiO3 (STO) substrates at different oxygen partial pressures (from 1.33 to 26.66

Pa). The films are intended for use as solid electrolytes for all-solid-state Li-ion batteries, and the

epitaxial growth for modeling the electrolyte single crystal properties. The LLTO films overall exhibit

formation of the perovskite-based orthorhombic structure with the epitaxial cube-on-cube orientation

for both (100)STO and (111)STO substrates. Room temperature ionic conductivity of the LLTO films

measured by impedance spectroscopy slightly decreases with the oxygen partial pressure changing from

1.33 to 26.66 Pa and is in the range of 10�4 to 10�5 S cm�1. Complex impedance plots at different

temperatures indicate that the conductivity in these epitaxial films is predominantly an intrinsic bulk

property and exhibits distribution of relaxation time. Activation energies (Ea) for all the films were

calculated employing the Arrhenius relationship and are between 0.30 eV and 0.40 eV, agreeing well

with the reported values of bulk materials. Systematic difference in ionic conductivity between the

(100)STO and (111)STO films is understood as being related to the difference in distribution of

a “bottleneck” diffusion path. The measured conductivity of LLTO films indicates that these films can be

used as a solid electrolyte in all-solid-state batteries.
Introduction

Li-ion batteries are extensively used in a wide range of electrical
and electronic devices and in most of the electrical vehicles.1–5

All-solid-state batteries composed of positive/negative elec-
trodes and electrolyte in solid form could offer signicant
advantages compared to the conventional Li-ion batteries, such
as improved safety, absence of leakage and shorting related
issues, and higher energy and power density.6–8 The develop-
ment of thin lm based all-solid-state batteries with high ionic
conducting electrolytes would produce an enormous break-
through in miniaturization of electronic devices. Searches for
solid electrolyte materials with high ionic conductivity and
stable against Li metal or cathode materials have been carried
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out by a number of research groups.9–12 Those solid electrolytes
included conducting polymers, oxides, suldes and other
materials.13,14 Solid Li-ion conductors in polycrystalline and
amorphous forms were investigated but most of them failed as
a solid electrolyte due to the thermal instability and lower
decomposition potentials.15,16 Among the oxide solid electro-
lytes, perovskite-based Li3xLa2/3�xTiO3 (LLTO) has been exten-
sively studied due to its high lithium ion conductivity at room
temperature (RT);17–24 e.g., for composition Li0.35La0.55TiO3 the
highest ionic conductivity of 10�3 S cm�1 in bulk form was
demonstrated. However, LLTO has a number of issues as a solid
electrolyte, such as instability against Li metal (reduction of Ti4+

to Ti3+) and reduced ionic conductivity due to the grain
boundaries contribution to the total conduction.17–24 Measuring
conductivity of epitaxial oriented LLTO lms should allow to
minimize the grain boundary effects, which is dominant for
polycrystalline lms. Also, anisotropy of Li-ion diffusion can be
studied and optimized by using epitaxial lms of different
crystallographic orientations.

In the present study we have successfully grown epitaxial
LLTO thin lms on STO (100) and (111) substrates at different
oxygen partial pressures; the lms are intended for funda-
mental studies of the lms' behavior as solid electrolytes in
This journal is © The Royal Society of Chemistry 2016
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different crystallographic orientations and with different crys-
tallographic surfaces for all-solid Li-ion batteries. In the present
work we intended to achieve the controlled growth with desired
crystal structure and lm's morphology, as well as dielectric
property and ionic conductivity of the LLTO lms by using
pulsed laser deposition (PLD) technique, which included
studying the effect of changing oxygen partial pressure during
the growth. Detailed analysis of how temperature and oxygen
partial pressure (PO2

) affect ac and dc electrical properties and
their correlation to the structural properties is presented in this
paper.
Experimental section

LLTO thin lms were deposited using PLD on single crystal STO
substrates with two surfaces, (100) and (111) (square shape,
approximately 0.5 � 0.5 cm). Before deposition the STO
substrates were cleaned with acetone and ethanol for 15
minutes each in a sonicator.25,26 All the substrates were thor-
oughly dried with nitrogen before introducing them into the
deposition chamber, which was initially evacuated to a base
pressure of �5.33 � 10�4 Pa. A KrF laser (wavelength 248 nm)
was employed whose repetition rate was 10 Hz and laser energy
was 100 mJ per pulse. Li0.33La0.55TiO3 ceramic pellet was
prepared employing solid-state synthesis method and used as
a target for all the thin lm depositions. The LLTO target was
placed on a target holder, which is 6.8 cm away from the
substrates. Before each deposition, the targets were pre-
sputtered for 5 min to eliminate the impurities on the
surface. All the lms were deposited for 20 minutes at 1073 K
temperature of the substrate, 1.33, 6.66, 13.33 and 26.66 Pa
oxygen pressures.

Phase and orientation characteristics of LLTO lms were
evaluated by a 4-axes Bruker D8 Discover X-ray diffractometer‡
(XRD). Ionic conductivity measurements were measured
employing an ac impedance spectroscopy (Solartron 1260
impedance analyzer) at a frequency range from 1 Hz to 10 MHz.
For the ac impedance measurements, Au parallel plate elec-
trodes were deposited on the top surface of the LLTO lm
employing a chemical vapor deposition (CVD) technique. It was
reported that conductivity of STO substrates can be affected by
lms' growth conditions, such as temperature and oxygen
partial pressure;27,28 e.g., Kalabukhov et al.28 have studied LaAlO3

grown on STO substrates at various oxygen partial pressures
and temperatures and found that the sheet resistance of STO
substrates annealed at very low pressures (1.3 � 10�7 Pa) 800 �C
exhibits high conductivity, whereas treating at high pressures
(6.66 Pa and above) and 800 �C results in insulating nature. To
eliminate the possible contribution of STO substrates'
conductivity to the total conductivity measurements, we have
carried out the conductivity measurements on bare STO (100)
and (111) substrates (0.05 cm thick substrates) aer treating the
‡ Certain commercial equipment, instruments, or materials are identied in this
document. Such identication does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply that
the products identied are necessarily the best available for the purpose.

This journal is © The Royal Society of Chemistry 2016
lms to growth experimental conditions (800 �C, 1.33 Pa). RT
conductivity of the bare STO substrates was found to be of the
order of 10�8 S cm�1 before the treatment and 10�10 S cm�1

aer, thus two order of magnitude decrease in the STO surface
conductivity. Since this conductivity is ve orders of magnitude
less than that of the LLTO lms, the contribution of STO to the
total conductivity can be safely neglected.

The morphology of exactly the same lms was investigated
by scanning electron microscopy (SEM). Electron-transparent
cross-sectional transmission electron microscopy (TEM)
lamellas were prepared by focus ion beam (FIB) (FEI Nova 600
NanoLab™). Carbon and Pt were coated on the LLTO lm
surface in advance to protect it against ion damage. The
lamellas were milled and cleaned by Ga ions to typically 50 nm
in thickness for good electron transparency. High-angle annular
dark eld scanning transmission electron microscopy (HAADF-
STEM) investigation was performed on the prepared lamellas
using a probe-corrected FEI Titan 80-300 microscope operating
at 300 KV. The probe is typically corrected to provide a spatial
resolution of 0.1 nm. The probe convergence angle is 24 mrad
and the HAADF inner and outer collection angles are 70 mrad
and 400 mrad respectively. Electron diffraction was performed
on another FEI Titan 80-300 microscope operating at 300 kV.

Results and discussion

Fig. 1 shows out-of-plane XRD patterns taken from the LLTO
lms grown on the STO (100) and (111) substrates at four
different partial PO2

pressures, 1.33, 6.66, 13.33 and 26.66 Pa PO2

at 1073 K. The few peaks, which appear as satellites of the STO
peaks imply that the lms have grown epitaxially on both the
STO (100) and (111) surfaces, with cube-on-cube orientation
relationship between perovskite (p) STO and LLTO. Electron
diffraction results shown below suggest that LLTO is the
ordered orthorhombic perovskite-based phase, as reported in
the literature.17–20 With the substrate STO (100) peak as a refer-
ence, the out-of-plane lattice parameter (OPL) LLTO lms grown
at various PO2

can be precisely measured (inset of Fig. 1). Lattice
parameter decreases with increasing PO2

and then some
increase is observed for the lms grown at 26.66 Pa. The
observed OPL changes could be an indication that PO2

during
the lms' growth affect the number of oxygen vacancies, and
accordingly the Ti ionic state, which will be discussed later.

Fig. 2 shows top view SEM images of LLTO lms grown at
various PO2

on STO (100) and (111) substrates, demonstrating
signicant differences in the surface morphology of the lms.
The lm grown at 1.33 Pa on STO (100) shows the presence of
faceted islands (50–150 nm in size) on its surface (Fig. 2a). The
lm grown at 1.33 Pa on STO (111) surface also shows islands on
the surface but without particular facets that would be related to
the substrate's orientation (Fig. 2b). On the other hand, the
uniform contrast of the lms grown at 6.66 Pa on both STO (100)
and STO (111), Fig. 2c and d, suggests extremely at surfaces.
Small randomly distributed particles (30–70 nm) are also
observed on the surface of lms grown at 13.33 Pa PO2

, Fig. 2e
and f. The sample grown at 26.66 Pa on STO (100), Fig. 2g, has
relatively at surface with small darker spots (�40 nm), while the
RSC Adv., 2016, 6, 61974–61983 | 61975
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Fig. 1 XRD patterns of LLTO films grown on STO (100) and (111) substrates at 1.33, 6.66, 13.33 and 26.66 Pa (a) to (h), indication the formation of
perovskite structure. Inset of (h) shows the variation of c axis lattice parameter with PO2

.

Fig. 2 (a) to (h) shows top view SEM images of the LLTO films grown at
various PO2

on STO (100) and (111) substrates, illustrating the dramat-
ically different morphology.

Fig. 3 (a) to (h) present STEM cross-sectional view of the LLTO films
grown at various PO2

on STO (100) and (111) substrates.
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sample grown at the same oxygen pressure on STO (111)
substrate exhibits domains (100–150 nm) with very obvious
triangular facets (see Fig. 2h). Those facets are {100} side planes
with top (111) of the perovskite LLTO, according to the identied
cube-on-cube epitaxial relationship with STO (111) substrate. It
seems that at this experimental condition the faceted
morphology was by growth and coalescence of island with lowest
surface energy. These noticeablemorphology changes imply that
surface energies and growth modes of LLTO are remarkably
sensitive to the oxygen pressure during the PLD growth.

For the more in-depth investigation of the lms' micro-
structure and morphology, TEM and STEM investigation of
cross-sectioned samples was performed. For this purpose the
lamellas were cut by FIB along the [010] direction of the STO
61976 | RSC Adv., 2016, 6, 61974–61983
substrate for lms deposited on STO (100) and along the STO
[110] direction for lms deposited on STO (111) substrates;
STEM images of all cross-sections are presented in Fig. 3. The
lm thicknesses for all the 8 samples vary between 240 nm and
60 nm (Table 1). The lms are thinner for the samples deposited
at higher oxygen pressure, which could be the result of the
plasma plume condition when ions reaching the substrate are
more strongly scattered at higher oxygen density/pressure. That
explanation also agrees with the fact that the lm thickness is
very similar for the samples deposited at the same oxygen
pressure on different substrate's orientations. The only differ-
ence is 26.66 Pa depositions, showing that for STO (111)
substrate the lm is twice thicker than the lm deposited on
STO (100); the difference might be explained by the presence of
unlled spaces between isolated faceted islands for the STO
(111) lm (Fig. 2h and 3h) the volume of which was compen-
sated by the extra thickness.
This journal is © The Royal Society of Chemistry 2016
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Table 1 Conductivity values, activation energy values, grain resistance and capacitance values of LLTO films grown on STO (100) and (111)
substrates

P(O2)
Pa

t (nm) s (at RT) S cm�1 Ea (eV) Rg (U) Cg (F)

STO
(100)

STO
(111)

STO
(100)

STO
(111)

STO
(100)

STO
(111)

STO
(100)

STO
(111)

STO
(100)

STO
(111)

1.33 240(�3) 230(�4) 4.3 � 10�5 5.63 � 10�5 0.34 0.34 7.1 � 108 (353 K) 1.8 � 108

(358 K)
2.4 � 10�11

(353 K)
2.6 � 10�11

(358 K)
2.66 155(�0.4) 155(�1) 3.08 � 10�5 5.37 � 10�5 0.38 0.34 6.2 � 108 (362 K) 6.2 � 108

(273 K)
2.7 � 10�11

(362 K)
6.6 � 10�11

(273 K)
13.33 81.6(�1) 70(�2) 3.01 � 10�5 5.01 � 10�5 0.33 0.40 3.6 � 108 (353 K) 3.3 � 108

(353 K)
3.6 � 10�11

(353 K)
2.8 � 10�11

(353 K)
26.66 61.2(�1) 145(�2) 3.02 � 10�5 4.95 � 10�5 0.40 0.40 4.3 � 107 (473 K) 2.0 � 107

(423 K)
2.2 � 10�11

(473 K)
4.2 � 10�11

(423 K)

Fig. 4 Electron diffraction patterns of the dominant LLTO phase
grown in the films as a function of O2 pressure and STO substrate
orientation. The patterns are indexed in terms of basic perovskite
structure and superstructural reflections are marked by arrows. Due to
the existence of 90� oriented domains, additional reflections appear.
On the left panel, red and blue arrowsmark the rows of superstructural
reflections appearing from different sets of perpendicular domains. At
image (b) nanobeam electron diffraction pattern is presented and not
SAED as in other images.
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Cross-sectional STEM images in Fig. 3 show contrast varia-
tions for the lms deposited at 1.33, 13.33 and 26.66 Pa; such
variations reect differences in average Z (density), and to lesser
degree – variation in diffraction condition. Using classical
electron crystallography and high-angle annular dark eld
scanning transmission electron microscopy (HAADF-STEM)
methods these lms were characterized as possessing variety
of 2D and 3D structural defects, including micro-domains and
inclusions of secondary unknown phase. These results will be
published as a separate paper which is currently in preparation.
However some conclusions from that study relevant to under-
standing electrical behavior of the lm, which is the focus of the
current paper, are summarized below.

Selected area (SAED) and nanobeam (NBD) electron diffrac-
tion patterns taken from the prevailing phase appearing in the
grown LLTO layers are shown in Fig. 4. These patterns are
indexed in terms of the basic cubic perovskite (p) structure (with
ap lattice parameter). Such indexing underlines the super-
structural reections (marked by arrows to guide the eye)
appearing in all patterns. These additional reections suggest
ordering of the perovskite structure by forming the ortho-
rhombic (o) phase (either Cmmm, ao z 2ap; bo z 2ap; co z 2ap;
or Pmma, ao z O2ap; bo z 2ap; co z O2ap, as reported
earlier17–20); the phase ordering combines chemical (separation
of Li and La to tetragonal layering) and displacive (rotation of
TiO6 octahedra) orderings. It was noted that this phase contains
high amount of structural defects. The lowest amount of defects
was observed in the LLTO layers deposited at 6.66 Pa PO2

. SAED
taken from these lms (see Fig. 4c and d) can be easily indexed
in terms of either of the mentioned above orthorhombic phases
(superstructural reections are marked by blue arrows on
Fig. 4c). Other lms exhibited SAED which can be indexed as
a superposition of 90�-oriented microdomains of the ortho-
rhombic phase (see red and blue arrows on Fig. 4a, for
example). The alignment of the LLTO and STO diffraction spots
demonstrate epitaxial growth of the lms with cube-on-cube
orientation relationship LLTO (100)//STO (100) and LLTO
(001)//STO (001) for both STO (100) and STO (111) substrates
(Fig. 4c and d, for instance).

The LLTO lms grown at 1.33 Pa, Fig. 3a and b, show regions
of darker contrast embedded into a phase of a lighter contrast.
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 61974–61983 | 61977
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Although SAED patterns from the lighter dominant phase,
Fig. 4a and b, where indexed in terms of mentioned ortho-
rhombic LLTO, darker regions belong to a different, not
perovskite-related X phase which is in specic orientation
relationship with the orthorhombic LLTO phase. Based on the
numerous SAED patterns taken at different orientations of the X
phase, we suggest that this new phase is hexagonal, with
approximate lattice parameters of a ¼ 0.95 nm, c ¼ 1.0 nm, or
orthorhombic, with approximate lattice parameters of a ¼ 1.02
nm, b ¼ 1.64 nm and c ¼ 1.0 nm. To the best of our knowledge,
such phase was not reported neither for the Li–La–Ti–O nor for
other related systems.

The LLTO lms grown at 13.33 and 26.66 Pa, although
showing alternating variations in contrast, see Fig. 3e–h,
according to the SAED patterns shown in Fig. 4e–h, have
predominately the orthorhombic LLTO phase in the same
orientation relationship with STO substrates as discussed
above. The darker regions seen in lower magnication were
recognized as thinner part of the lms. Presence of such thinner
areas is the result of overlapping between the lm's materials
and empty spaces between the grown and not completely
merged islands. This suggestion is in line with the SEM images
presented in Fig. 2.

For the conductivity measurements, parallel plates of Au
electrodes were deposited on the surface of LLTO lms (inset in
Fig. 5a) by chemical vapor deposition. The impedance of LLTO
lms at temperatures ranging from RT to 548 K was measured
in the frequency range of 1 Hz to 10 MHz. Impedance of a LLTO
material can be expressed as of a parallel circuit:29,30

1

Z
¼ 1

Z
0 þ

1

jZ
00 ¼

1

R
þ juC (1)

where

Z0 ¼ 1=R

ð1=R2Þ þ u2C2
(2)
Fig. 5 Frequency variation of real part of impedance (Z0) at different temp
Frequency variation of imaginary part of impedance (Z00) at different temp

61978 | RSC Adv., 2016, 6, 61974–61983
Z00 ¼ �uC

1=R2 þ u2C2
(3)

Z0, Z00, R, C and u represent real part of impedance, imaginary
part of impedance, resistance, capacitance and the angular
frequency (radian per s), respectively.

Fig. 5a and (b) show variation of Z0 with frequency (at
different temperatures) for LLTO on STO (100) and STO (111)
lms grown at 1.33 Pa. The LLTO lms grown on STO (100) and
(111) exhibit decreasing Z0 with increasing frequency at all the
temperatures, show that the conductivity of the LLTO increases
both with the frequency and temperature increases; both
dependencies can be understood as increase in hopping of Li
ions (from 10 kHz to 10 MHz). Fig. 5c and (d) shows the
frequency variation of Z00 for the same LLTO lms (grown at 1.33
Pa) at different temperatures. Frequency dependent Z00 is seen
to exhibit broad asymmetric Debye peaks due to the resonance
of Li ion hopping frequency with the applied ac eld at those
frequencies (10 to 1 kHz and 100 to 6 kHz for the lms grown on
STO (100) and (111) substrates respectively), indicating the
existence of relaxation process in the LLTO lms. With
increasing temperature, dielectric loss from the resistive part of
LLTO lms decreases, which resulted in the decrease in Z00 part.

Fig. 6 and 7 shows complex impedance plots (real (Z0) versus
imaginary (Z00) part of impedance) for LLTO lm grown on STO
(100) and (111) substrates at 1.33, 6.66, 13.33 and 26.66 Pa; the
gures present results measured at different temperatures
(from RT to 548 K). At all the temperatures, single semi-circle is
observed for LLTO lms grown at different PO2

. The radius of the
semicircle decreases with increasing temperature due to
increase in ionic conductivity of the lm. The single semicircle
in complex impedance plots for ionic conductors is usually
accounted for the predominant contribution from the bulk of
grains to the resistance and capacitance. The grain boundary
contribution (which usually appear as a semi-circle or tail at
higher frequencies31) to the R and C could not be resolved at all
eratures of LLTO film grown on STO (100) and (111) at 1.33 Pa (a) and (b).
eratures of LLTO film grown on STO (100) and (111) at 1.33 Pa (c and (d)).

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Complex impedance plot of LLTO films grown at 1.33, 6.66, 13.33 and 26.66 Pa on STO (100) substrates (a) to (d).
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the temperatures in the LLTO lms. Impedance (Z) due to bulk
conduction of LLTO lms can be expressed as29,30

1/Z ¼ 1/Rg + juCg (4)

where Rg and Cg represents the resistance and capacitance of
the conducting grains (bulk). Diameter of the semi-circle is
considered as Rg, and Cg was calculated using the relation uRC
¼ 1, at maximum Z00 point in semicircle. All the semi-circles
were t to a single semi-circle employing a LabView program
and the values of Rg and Cg are calculated from the tting. The
calculated values of Rg and Cg at various temperatures for the
LLTO lms grown on STO (100) and (111) substrates are
shown in Table 1. Cg value of all the LLTO lms at all
measured temperatures is seen to be in the order of 10�11 F,
indicating that the conductivity is predominantly due to bulk
intrinsic grains (capacitance corresponds to the grain
boundary (Cgb) conduction is usually in the order of 10�9 F
due to its smaller width29). At all the temperatures, the relax-
ation time sg for the conduction is calculated from the
relations29–32

sg ¼ 1

ug

¼ RgCg (5)
This journal is © The Royal Society of Chemistry 2016
Relaxation time for LLTO lms at different temperatures is seen
to lie between 40 and 0.8 ms. Semi-circles obtained for the LLTO
lm at various temperatures can be represented by a RC electric
circuit shown in inset of Fig. 7. In this equivalent circuit, Rg

represents the conductive path and a given resistor in a circuit
accounts for the bulk conductivity of the LLTO lm. Space
charge polarization regions are described as a capacitor (Cg) or
a leaky capacitor, constant phase element (CPE) in the circuit.
Cg is replaced by CPE, which accounts for the depressed semi-
circle in the complex impedance plot and non-ideal Debye
case for the present LLTO electrolyte thin lms. In the present
case, occurrence of inclined straight line in the lower frequency
region is not clearly seen, indicating that the contributions from
the electrode–electrolyte interface to the total conductivity do
not seem to have much signicance on the ionic conductivity of
the LLTO lms.

In-plane dc ionic conductivity of LLTO lms are calculated
using this relationship:33

sin-plane ¼ d/Rtl (6)

where d, R, t, l is distance between the electrodes (1 to 2 mm),
resistance of LLTO lm, thickness of the lm (nm) and length of
the electrodes (2 mm), respectively. RT ionic conductivity of
RSC Adv., 2016, 6, 61974–61983 | 61979
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Fig. 7 Complex impedance plot of LLTO films grown at 1.33, 6.66, 13.33 and 26.66 Pa on STO (111) substrates (a) to (d).

Fig. 8 300 K conductivity as a function of PO2
for the LLTO films

grown on STO (100) and (111) substrates. Decreasing ionic conductivity
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LLTO lms grown on STO (100) and (111) at 1.33 Pa oxygen
pressure is found to be 4.3 and 5.63 � 10�5 S cm�1 respectively.
RT electronic conductivity of bare STO (100) and (111)
substrates were measured to be in the order of 10�8 S cm�1,
three orders of magnitude less than that measured for the LLTO
lms, thus the lms' measurements should reect intrinsic
properties of the lms. Conductivity values of all the other lms
are shown in Table 1. Ionic conductivity of the LLTO lms at RT
for different PO2

in shown in Fig. 8a; there is systematic differ-
ence in conductivity of STO (100) and STO (111) lms, with
higher conductivity for the lms on STO (111). These
measurements apparently reect anisotropy and mechanism of
Li-ion diffusion. With increasing PO2

, ionic conductivity is
slightly decreasing for both STO (100) and (111) substrates, with
the exception of 1.33 Pa, which could be due to the presence of
a secondary phase. In the literature, it is been reported that the
variation of oxygen partial pressure during the growth of ZnO34

and YBCO35 lms can lead to transition from semiconductor/
insulating to metallic phase due to defect formation. Accord-
ing to literature, the LLTO conductivity is predominantly due to
the jumping of Li ions (diffusion) between the adjacent A-site
(from lled to vacant site) via the “bottleneck” path formed by
four oxygen ions.36 The ionic diffusion depends primarily on its
activation energy (related to the bottleneck size, thus to the
61980 | RSC Adv., 2016, 6, 61974–61983
lattice parameter and rotation/tilt of TiO6 octahedra) and
occurrence of Li-ion/vacancy pairs on A-sites (via composition
and degree of ordering between La, Li and vacancies); for the
lms these micro-parameters are affected by the synthesis
with increasing PO2
is clearly evident.

This journal is © The Royal Society of Chemistry 2016
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conditions, such as growth temperature, oxygen pressure and
laser energy. Changing oxygen partial pressure during lm's
growth, as it was in the present study, might affect the number
of oxygen ions participating in the bottleneck formation,
contribute to small changes in the Ti4+ valence state, and affect
Li content; however in the 1.33–26.66 Pa PO2

range, the effect on
the relative values of ionic conductivity in minor. It has been
reported that the strain or bottle neck size can affect the ionic
conductivity of LLTO thin lms.37 In the present case, decrease
of ionic conductivity with increasing PO2

could be due to
increasing Li loss in the LLTO lms with increasing PO2

during
the lm growth. Stramare et al.38 have reported the correlation
between the Li ion content and the conductivity for the Li3xLa(2/
3)�xVac(1/3)�2xTiO3 bulk materials. Crudely extrapolating
composition to the range of conductivity measured for our
lms, 5� 10�5 S cm�1, we can expect Li content of the order of x
¼ 0.02. We recognize that it is very rough estimate, and it is not
easy to compare our results with literatures since it is not only
composition but also processing (through development of order
parameter and formation of defects) are affecting ionic
conductivity. Ionic conductivity of LLTO lms is expected to
increase exponentially with increasing temperature. Accord-
ingly, the activation energy (Ea) for ionic conduction in LLTO
lms is calculated using the Arrhenius relationship39,40

sdc ¼ s0 exp(�Ea/kBT) (7)

where kB is the Boltzmann constant and T is the absolute
temperature. From the Arrhenius plots Ea values of LLTO lms
grown at different oxygen partial pressures are estimated as 0.3–
0.4 eV (Table 1), and the values are in agreement with the re-
ported experimental values.41

The high Li-ion conductivity of the order of 10�3 S cm�1 at
RT for LLTO oxide was suggested as its bulk property for the
measurement of polycrystals (range of 10�5 to 10�4 S cm�1) aer
extraction of grain boundaries' effect.17 Direct measurement of
the bulk conductivity was of interest to understand mechanism
of diffusion/conductivity in LLTO. The single crystal Li0.35-
La0.55TiO2.94 was fabricated by the oating zone; impedance
measurement showed 6.8 � 10�4 S cm�1 for current perpen-
dicular to c-axis, and comparable 5.8 � 10�4 S cm�1 – parallel to
c-axis.42 Later the same authors have shown that the grown
crystal is not a mono-domain, but consisting 90�-oriented
domains with the possible effect on conductivity of domain
boundaries.43 Another approach to understand the LLTO bulk
conductivity is through preparing and measuring single crystal
lms grown epitaxially. Such lms of LixLa0.56TiO3 (x ¼ 0.33 to
0.5) composition grown on STO and NdGaO3 by PLD, with
multi-domain and single-domain structures, have shown
conductivity one order of magnitude higher, 3.5 � 10�4 S cm�1,
and activation energy similar to our lms, 0.35 eV.44,45 From
these works it was concluded that 90�-domain and antiphase
boundaries are not predominantly resistive against the ionic
conduction. Recently published work on Li0.33La0.56TiO3

prepared by different synthesis schedules demonstrated that in
order to maximize the number of Li percolation pathways for
higher ionic conductivity the mesoscopic structure of high-
This journal is © The Royal Society of Chemistry 2016
density 90�-domains is preferable; the results were corrobo-
rated by theoretical molecular dynamics simulations.46

It is difficult to compare results of our work with those
published in literature for the following reasons: ionic
conductivity of LLTO is sensitive to the composition of Li/La
and to degree of ordering between Li, La and vacancies.
Composition and order parameter of the lms is difficult to
measure with precision because of the low-Z of Li, whereas
certain deviation from the target's composition and uncer-
tainties in thermal history are expected. Nevertheless, the
conductivity within the order of 10�5 S cm�1 for the STO (100)
substrates, with the lms consisting of 90� oriented domains of
the orthorhombic LLTO, is very close to results obtained by
Ohnishi et al.44,45 for the lms deposited with the target of
a similar Li0.33La0.55TiO3 composition on the NdGaO3 substrate;
the results also prove that the STO substrate can be used
without compromising electrical measurements. From Ohnishi
et al. and our work, it can be claimed that the measured 10�4 to
10�5 S cm�1 conductivity is the bulk conductivity in the h001ip
direction of a perovskite (p) cubic cell, without noticeable
distinction between the pseudo-cubic directions of the ortho-
rhombic structure.

In order to understand the observed systematic differences
in conductivity of LLTO lms on STO (100) and STO (111)
substrates, we analyze relative arrangements of the A-sites,
which consist of Li, La and vacancies, and positions of the
so-called bottlenecks.17 The “bottlenecks” are locations for the
high ionic mobility path (with lowest energy barrier) that are
formed by four adjacent TiO6 octahedra; the location is in 3d
Wyckoff site of a perovskite Pm�3m cell. In Fig. 9a a projection of
the LLTO structure in [100]p direction shows only the A-site
atom and the bottleneck positions (small circles); different
colors distinguish the La-rich (green) and La-poor (red) (001)p
layers. Directions of diffusing Li1+ ion through the nearest
bottleneck into a vacant A-site are shown with curved arrows;
the literature suggests that the diffusion conned to the (001)
Li-rich plane is higher than in the out-off this plane direction.
In the case of the LLTO lms on STO (100) having mesoscopic
90�-domain structure, the percolation of Li ions in the lm's
plane during the conductivity measurements has to occur
through different domain orientations, depends on distribu-
tion and size of the domains, and controlled by the domains
of lower diffusion rate, as well as resistance of the domain's
boundaries.

For the LLTO lms on STO (111) substrates, Li-ion diffusion
along (111)p planes should be considered. In Fig. 9b a slice of
such (111)p plane is shown; the slice includes three A-site planes
(hatched circles – top plane, dashed circles – bottom plane) and
positions of bottlenecks above and below central A-plane (solid
circles). The planes have a mixture of A-sites from La-rich and
Li-rich layers (red and green colors). As it is clear from the
drawing, in-plane diffusing Li-ions have to move out of a single
(111) A-site plane through a bottleneck site, either above or
below the plane, as shown with the arrows. During this diffu-
sion the activation energy is expected to be similar as for the
cubic directions, which is in agreement with experimental
results. However the possibility of diffusion jumps of the same
RSC Adv., 2016, 6, 61974–61983 | 61981
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Fig. 9 (a) Projection of the LLTO structure in [100]p (p-cubic perovskite) direction showing only the A-site atoms (red for higher Li and green for
higher La) and positions of a bottleneck (small circles) in 3d Wyckoff site of a perovskite cell. (b) Sidewise projection in [�110]p direction of
a structural slab with (111)p planes; the bottleneck sites are above (filled) and below (open) out the (111)p Li/La plane consisting of a mixture of A-
sites from La-rich and Li-rich layers. (c) Projection of three (111)p planes of A-sites with the bottleneck sites above and below the central plane.
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energy either to upper or lower planes in the same electrical
eld provides higher probability of having an appropriate
vacant site, which can explain the observed higher conductivity
for the STO (111) lms.
Conclusions

LLTO lms were deposited on STO (111) and (100) substrates at
different oxygen pressures. The structure, morphology and
electrical properties of the LLTO lms were studied systemati-
cally. Following conclusions were drawn based on presented
results:

(1) The effect of oxygen partial pressure PO2
during the PLD

growth from the Li0.33La0.55TiO3 target and orientation of the
STO substrates on ionic conductivity of LLTO lms are reported.

(2) LLTO lms can be grown epitaxially on both STO (100)
and (111) substrates with unique cube-on-cube orientation
relationship between perovskite STO and perovskite-based
LLTO; the deposited phase has orthorhombic structure, either
Cmmm or Pmma.

(3) With the exception of 1.33 Pa deposition, the lms consist
of a single phase; the best quality lms are for the 6.66 Pa
deposition. In the 1.33 Pa deposition, in addition to the
orthorhombic phase – unknown X phase was revealed in the
LLTO lm.

(4) RT ionic conductivity of the LLTO lms is of the order of
10�5 S cm�1 for both STO (100) and STO (111) substrates and
varies slightly with PO2

.
(5) Impedance studies as a function of temperature and

frequency shows the existence of relaxation processes and their
distribution in LLTO lms.

(6) Conductivity of the LLTO lms is predominantly due to
the intrinsic bulk properties. Activation energy (Ea) for all the
LLTO lms is calculated to be around 0.30–0.40 eV, which is in
good agreement with the reported and calculated activation
energy values related to the Li-ion diffusion though the bottle-
neck channels.
61982 | RSC Adv., 2016, 6, 61974–61983
(7) Systematic difference in anisotropic conductivity of the
lms grown on STO (100) and STO (111) substrates can be
rationalized by the distribution of bottleneck sites above and
below the A-site's of the (111) plane.
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