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a b s t r a c t

Highly transparent and ion-conducting lithium lanthanum titanate (LLTO) thin films were deposited on
ITO/glass substrates by RF magnetron sputtering. The results of X-ray diffraction indicate that the as-
prepared LLTO thin films and the annealed ones at temperatures up to 300 ◦C are amorphous; however,
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crystal phases, including La0.56Li0.33TiO3 and other unexpected ones, appear on the annealed films at
400 ◦C. SEM and AFM results show that the prepared films turn to be denser, smoother and more uniform
up to 300 ◦C while the deteriorative results come out following the further enhancement of annealing
temperature. Further characterization of opt-electric properties of the prepared films reveals that the
annealed ones at 300 ◦C own the best optical transmittance of 85% and the highest room temperature ionic
conductivity of 5.25 × 10−5 S cm−1, which are suitable for the application as an electrolyte of all-solid-state
nnealing temperature electrochromic devices.

. Introduction

Due to their higher levels of safety and reliability compared
ith the liquid ones, solid lithium-ion conductors are of major

nterest because of their potential applications as electrolytes
n energy storage devices, electrochemical sensors, and elec-
rochromic devices [1–3]; however, these solids must meet a
umber of requirements before they become commercially attrac-
ive. For example, to obtain an application in an electrochromic
evice, the following characteristics, such as high room temper-
ture ionic conductivity, high transmittance level in a required
pectral range and no corrosion with the adjacent electrochromic
aterials, must be fulfilled [4].
As a promising lithium ionic conductor, perovskite-type

i3xLa2/3−xTiO3 (LLTO) first reported by Inaguma et al. [5,6], whose
oom temperature ionic conductivity in a bulk form is higher than
0−3 S cm−1, attracted much attention these days. Using LLTO in pH
ensors, Bohnke et al. did a lot of pioneering work [3,7,8]. Recently,
o further improve the ionic conductivity and reveal the conductive

echanism, much investigation on bulk LLTO ceramic electrolytes
btained through different fabricating methods was conducted by

he famous group leaded by CW Nan [9–11].

Recently, utilizing tantalum oxide films prepared by reactive dc
agnetron sputtering as the electrolyte layer, the electrochromic

ll-solid-state switchable mirror glass was fabricated, which can
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switch its optical state between the reflective (mirror) and trans-
parent states [12,13]. We feel LLTO thin films could also be
applied in the all-solid-state electrochromic devices. Considering
its strongpoint such as high throughput, controllable thickness and
good adhesion to substrate [14], magnetron sputtering method was
adopted in this work to prepare LLTO thin films. To obtain the opti-
mum optical and electric properties, the detailed investigation on
the effects of annealing temperature upon the structure, morphol-
ogy, optical and electric properties were conducted.

2. Experimental procedures

The La0.56Li0.33TiO3 ceramic target was synthesized by solid-state reaction from
La2O3 (99.9999%), Li2CO3 (99.4%), and TiO2 (99.1%) powders. A two-step fabricating
process was carried out. First, the batch, which was ball-milled using ethanol and
zirconia balls for 4 h, were kept at 600 ◦C for 6 h and 1000 ◦C for 12 h to expel CO2

gases. Subsequently, the calcined batch was grounded thoroughly and pressed at
200 MPa for 20 min to obtain a disk with 56 mm in diameter. Then the target was
obtained through heating the disk to 1200 ◦C with a rate of 3 ◦C min−1, holding the
temperature for 8 h then cooling to room temperature with a rate of 5 ◦C min−1.

Through RF magnetron sputtering method, LLTO thin films were prepared with
ITO coated glasses as substrates, which were ultrasonically cleaned in acetone,
ethanol and deionized water for 30 min. The distance between target and substrate
is 6 cm. Before deposition, the target was pre-sputtered for 10 min to remove any
contaminants on the target surface. The base pressure of the deposition system
was 1 × 10−3 Pa. During sputtering, the pressure increased to 1 Pa as the mixed gas
(70%Ar, 30%O2) was introduced into the chamber. The sputtering power was 80 W.
After deposition, the films were annealed in air at various temperatures from100 to

400 ◦C for 2 h.

The crystal phases in LLTO target and thin films was determined by X-ray
diffraction method (XRD, X’pert PRO XRD, Rigaku Co., Japan) over the angular range
10◦ < 2� < 80◦ . The Li/La film composition was evaluated by Inductively Coupled
Plasma (ICP) using a Perkin Elmer Optima 4300 DV spectrometer. The film morphol-
ogy was observed by field-emission scanning electron microscope (FESEM, S-4800,
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http://www.sciencedirect.com/science/journal/09258388
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ITACHI, Japan) and atomic force microscopy (AFM, NanoScope (R) IV model, Veeco
etrology Group, USA). The UV–Vis transmittance spectra were recorded with an
V–Vis spectrophotometer (UV1601, SHIMADZU, Japan). AC Impedance measure-
ents for the ionic conductivity of LLTO thin films with sandwich configuration
lass/ITO/LLTO/Al were performed at room temperature (25 ◦C) in the frequency

ange from 1 Hz to 1 MHz with an Autolab (HEMIE B.V., ECO, Holland) instru-
ent.

. Results and discussion

.1. Structure and morphology of LLTO thin films

XRD patterns of the LLTO target and thin films are shown in
ig. 1. All the diffraction peaks of the target can be ascribed to
he reflections of La0.56Li0.33TiO3 crystal phase [1,2], which verified
hat the fabricating process conducted in this work is appropri-

te. However, the as-deposited thin films are amorphous, together
ith the annealing ones at the heat-treated temperatures below

00 ◦C. Certainly, the La0.56Li0.33TiO3 crystal phase appears when
he annealing temperature is higher than 400 ◦C. At the same time,
ther unexpected crystal phases such as ITO also come out in the Fig. 1. XRD patterns of LLTO target and thin films annealed at various temperatures.

ig. 2. SEM images of surfaces of (a) ITO/glass substrate, (b) as-deposited LLTO thin film and LLTO thin films annealed at (c) 100 ◦C, (d) 200 ◦C, (e) 300 ◦C and (f) 400 ◦C together
ith their corresponding cross-sectional images in the upper right inserted images of (b)–(f).
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ig. 3. AFM images of (a) ITO/glass substrate, (b) substrate annealed at 400 ◦C, (c) as
nd (g) 400 ◦C.
00 ◦C annealed samples as shown in Fig. 1, whose origin is not so
lear at the present time.

As shown in the images of surfaces in Fig. 2, the morphology
f the substrate (Fig. 2a) is a little different from that of LLTO thin
sited LLTO thin film and LLTO thin films annealed at (d) 100 ◦C, (e) 200 ◦C, (f) 300 ◦C
films (Fig. 2b–f). Compared with that of substrate, the surfaces of
LLTO thin films are very smooth, dense, and uniform, which is very
important for thin film electrolytes to avoid shortcut and safety
problems. In addition, from the cross sectional images of LLTO thin
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Table 1
Ionic conductivity at room temperature, pre-exponential factor and activation
energy of LLTO thin films annealed at various temperatures.

LLTO film sample � (S cm−1) �0 (K S cm−1) Ea (eV)

As-deposited 0.71 × 10−5 1.75 × 103 0.35
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Fig. 4. The complex impedance spectra of LLTO thin films annealed at various tem-
peratures.

Fig. 5. Arrhenius plots of the conductivity as a function of 1000/T for LLTO thin films
annealed at various temperatures.
Annealed at 100 ◦C 1.50 × 10−5 3.71 × 103 0.35
Annealed at 200 ◦C 3.72 × 10−5 9.19 × 103 0.35
Annealed at 300 ◦C 5.25 × 10−5 12.97 × 103 0.35

lms shown in the insert graphs in Fig. 2, we can deduce that the
oalescence of LLTO thin films and substrate is very tight and the
hickness of films decreases with the enhancement of annealing
emperature from 100 to 300 ◦C except for the slight expansion
nnealed at 400 ◦C. Finally, some important change occurs about
he morphology of ITO layer for the films annealed at a tem-
erature of 400 ◦C, which is coincident with the results of XRD
atterns.

To further characterize the morphological features, AFM images
f thin films and substrate are present in Fig. 3. The clear decrease of
urface RMS (roughness mean square) of LLTO thin films following
he enhancement of annealing temperature up to 300 ◦C from 1.236
o 0.321 nm can be obtained from Fig. 3c to e, which indicate the
ncreasing smooth degree of the corresponding films. This fattening
ffect of films through proper annealing process maybe originated
rom more uniform and denser distribution of ions explained by
he reference [15]. In addition, through the comparison of images
f substrate before and after annealed at 400 ◦C for 2 h (Fig. 3a and
), we can clearly see that the process of annealing higher than
00 ◦C had a deleterious effect on the morphology, which is further
erified by the image of the LLTO film annealed at 400 ◦C (Fig. 3g).
n fact, the above mentioned effect was reported before in the ref-
rence [16], which indicted that the annealing at 400 ◦C of ITO glass
ubstrates would induce a harmful change of physical and chem-
cal properties. Therefore, the films annealed at 400 ◦C will not be
urther discussed in the following sections.

.2. Ionic conductivity

According to the report of Inaguma et al. [17], on the com-
lex impedance spectra of LLTO ceramic materials, there exists two
emi-circles which ascribed to the bulk part and grain boundary
art respectively. However, as shown in Fig. 4, a complete single
emicircle within the measured frequency range appears for the
s-prepared and annealed films similar with the results of refs.
18,19], due to the absence of perfect crystal grains and the amor-
hous nature of obtained films which can be confirmed by the
bove mentioned XRD results.

The ionic conductivity was calculated according to the following
quation.

= d

(R × A)
(1)

here d is the electrolyte thickness, A the electrode area and R
he electrolyte resistance. The calculated ionic conductivities of
LTO thin films, which increase from 0.71 × 10−5 S cm−1 of the as-
repared film to 5.25 × 10−5 of the film annealed at 400 ◦C, are
hown in Table 1.

Temperature dependence of ionic conductivity of the LLTO thin
lms are shown in Fig. 5, which confirm that thermally activated

onic conduction is the main conductive mechanism of the prepared
LTO thin films considering the facts of gradual enhancement of

onductivity following the increase of temperature [20].

Using the following Arrhenius equation:

= �0

T
exp

(−Ea
kT

)
(2)

Fig. 6. The UV–Vis transmittance spectra of ITO/glass substrate and LLTO thin films
annealed at various temperatures.
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here �0 is the pre-exponential factor, Ea the activation energy of
onduction, T the absolute temperature and k the Boltzman con-
tant. Through the well fitted line of temperature dependence of
he ionic conductivity shown in Fig. 5, the activation energy and
re-exponential factor was calculated and summarized in Table 1.
a values of as-prepared and annealed films are identical to be
.35 eV. However, the values of pre-exponential factor increase
ith the elevation of annealing temperature up to 300 ◦C, which

an be interpreted as follows. According to the Nernst–Einstein
elationship, the ionic conductivity can be given by,

= N(Ze)2d2

kT
�0 exp

(−Ea
kT

)
f (3)

here N is the number density of mobile ions, Ze the charge of
mobile ion (in the case of the LLTO, as the mobile ion is Li+,

hen Z = 1), d the hopping distance of the ion, �0 the attempt fre-
uency and f the correlation factor which value would be about 1.
omparing Eqs. (2) and (3), we can see that the pre-exponential

actor is connected with the number density, hopping distance and
ttempt frequency of mobile ions [20], which will be influenced
y the annealing process. Therefore, considering the invariance of
and �0 in the present situation, the increase of pre-exponential

actor should be ascribed to the increase of the hopping distance
with the rise of annealing temperature, which is consistent with

he facts of denser, more uniform films obtained through further
nnealing revealed by 3.1. Certainly, further study should be taken
o reveal its real origin.

.3. Optical properties and film composition

The dependence of optical transmittance on annealing temper-
ture is shown in Fig. 6. The transmittance of all samples is higher
han 75%, which can fulfill the transmitting requirement of elec-
rolyte layer in electrochromic devices [4]. With the increase of
nnealing temperature, the transmittance level in visible spectrum
as improved. The transmittance of 300 ◦C-annealed film was sim-

lar to that of substrate, about 85%, which may be attributed to
he less light scattering loss due to its smoother, denser and more
niform surface [21].

Based on the above-mentioned analysis, it is easy to draw the
onclusion that the optimum processing parameters of LLTO thin
lms is annealing at 300 ◦C for 2 h. Therefore the Li/La compo-
ition of 300 ◦C-annealed film was taken by ICP measurement.
he results show that the composition of 300 ◦C-annealed film
as La0.41Li0.31TiO3, which does not exactly agree with the target.

urely, this is a typical phenomenon of the sputtering process [19],
hich is originated form the different sputtering yield for La and Li
nder the same sputtering conditions.
. Conclusions

Using RF magnetron sputtering method, LLTO thin films were
repared on ITO/glass substrates from a La0.56Li0.33TiO3 target. The

[
[
[
[

[
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effects of annealing temperature on morphology, structure and
photoelectrical properties of prepared films were investigated. The
as-deposited and annealed films are amorphous and the surface
roughness decreases with the enhancement of annealing temper-
ature up to 300 ◦C except for the ones annealed at 400 ◦C. With
the increase of annealing temperature (<400 ◦C), the optical trans-
mittance of LLTO films is enhanced and the ionic conductivity is
improved due to a rise of pre-exponential factor in the Arrhenius
equation. The highest transmission in visible range and ionic con-
ductivity at room temperature was found for the 300 ◦C-annealed
film (La0.41Li0.31TiO3), namely 85% and 5.25 × 10−5 S cm−1. The
LLTO films deposited by RF magnetron sputtering and annealed
at 300 ◦C for 2 h are suitable for application as an electrolyte of
all-solid-state electrochromic devices.
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