
A

u
c
i
i
m
a
a

t
a
t
©

K

1

c
e
fi
c
e
o
T
c
t
R
r

0
d

Journal of Power Sources 163 (2006) 173–179

Study on the LLT solid electrolyte thin film with LiPON interlayer
intervening between LLT and electrodes

Jong min Lee a,b, Soo ho Kim a, Yongsug Tak b, Young Soo Yoon a,∗
a Department of Advanced Technology Fusion, Konkuk University, Seoul 143-701, Republic of Korea

b Department of Chemical Engineering, Inha University, Incheon 402-751, Republic of Korea

Received 9 August 2005; received in revised form 11 July 2006; accepted 14 July 2006
Available online 1 September 2006

bstract

In this study, a lithium lanthanum titanate (LLT) thin film electrolyte was prepared by RF magnetron sputtering, in order to assess its potential
se in solid state thin film batteries. Even though the LLT has high ionic conductivity, it cannot be used alone as a thin film electrolyte since it is
hemically unstable when it comes into contact with Li metal and it has a high electronic conductivity. Lithium phosphorous oxynitride (LiPON)
s stable when in contact with Li and has an extremely low electronic conductivity. We expected that the LiPON/LLT/LiPON structure would make
t possible to use a LLT thin film as a thin film solid electrolyte. In order to prepare this structure, a LiPON thin film was also deposited by RF

agnetron sputtering and was deposited for various times (30, 60, 90 and 120 min), in order to determine the optimum thickness ratio between LLT
nd LiPON. In linear sweep voltammetry measurements, the current hardly flowed in the potential range from 0 to 5.5 V in the blocking electrode
nd ac impedance was measured for measuring the resistance at LiPON/LLT/LiPON.

When only the LLT thin film was deposited, a current of scores of mA flowed in the operating potential range, but when an interlayer of LiPON

hin film was deposited for more than 30 min on both sides of the LLT thin film, the current was less than 1 �A. Ionic conductivities of 1.11, 0.82
nd 0.48 × 10−7 S cm−1 were observed for the deposition times of the LiPON thin film of 60, 90 and 120 min, respectively. This result suggests
hat the LiPON/LLT/LiPON structure might be able to be used as a thin film solid electrolyte if its ionic conductivity could be improved.

2006 Elsevier B.V. All rights reserved.

t
t
i
K
i
i
t
c
s
b
o

eywords: LLT; LiPON; Ionic conductivity; Electrochemical stability

. Introduction

The dramatic advancement in semiconductor process and
ircuit-design technology has accelerated the miniaturization of
lectronic devices. This tendency has also been applied to the
eld of all solid state microbatteries whose development has
ontinued unabated, despite the extensive utilization of liquid
lectrolytes in the lithium batteries because the packaging size
f liquid electrolytes is larger than that of solid electrolytes.
hus, the search for solid compounds with high lithium ionic
onductivity which can be used as an electrolyte is very impor-

ant in the development of all solid state lithium batteries [1].
ecently, even though it has been reported that lithium phospho-

ous oxynitride (LiPON) could be used as a solid electrolyte for
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hin film microbatteries, we have continued our research into
he use of lithium lanthanum titanates (LLT) due to its high
onic conductivity. Inaguma et al. [1–3], Oguni et al. [4] and
wai et al. [5] had investigated the lithium ionic conductiv-

ty of a solid solution of La2/3−xLi3xTiO3 (LLT) compounds
n the bulk state. They reported ionic conductivity was 10–100
imes higher than that of LiPON at room temperature. Espe-
ially, Inaguma et al. showed that the resistance of LLT can be
eparated into two components, namely the resistance of the
ulk part and that of grain boundary. The ionic conductivities
f the bulk part and grain boundary were as high as 1 × 10−3

nd 7.5 × 10−5 S cm−1, respectively, with the total conductivity
eing 7 × 10−5 S cm−1, as determined by ac impedance mea-
urements at room temperature [1]. This result indicated that the

LT has a higher ionic conductivity than LiPON. We attempted

o deposit a LLT thin film by radio frequency (RF) sputtering
ith various atmospheric gas ratios. However, the as-deposited
LT thin film showed several problems when it was deposited

mailto:ysyoon@konkuk.ac.kr
dx.doi.org/10.1016/j.jpowsour.2006.07.036
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ig. 1. Schematic plane view of top and bottom electrode patterned by metal
ask (top) and LiPON-LLT-LiPON electrolyte patterned by mask (bottom).

nto the electrode directly. First, as reported by Stramare et al.,
hen LLT was in direct contact with Li-metal, the LLT thin film
as not chemically stable and underwent easy and fast Li inser-

ion with the consequent reduction of Ti3+ to Ti4+ [6]. The other
hing is potential short circuiting of the LLT thin film. In order
o solve these two main problems, our research group has tried
o add interlayer on both sides of the LLT. LiPON was chosen
s the interlayer material, because it was thought that it would
rovide a good electrochemical stability in conjunction with Li
lectrode, as well as a relatively high short circuit voltage level
s compared with the LLT. Although the LLT thin film has the
bove problems when it is used alone as a thin film solid elec-
rolyte, it is still an excellent candidate for all solid state thin
lm microbatteries due to its high ionic conductivity.

In this work, the structural and electrochemical properties of
he LiPON/LLT/LiPON multilayer structure were investigated
ith the use of a blocking electrode, in order to develop a new

hin film solid electrolyte. In comparison with the single LLT thin
lm, which has various deficiencies, the LiPON/LLT/LiPON
tructure can be considered as a thin film solid electrolyte for all
olid state microbatteries.

. Experimental

.1. Preparation of top and bottom electrodes (current
ollector)

We deposited a stainless steel (sus) thin film by a direct cur-
ent (dc) sputtering with a specific pattern as shown in Fig. 1(a).
he deposition time and rate measured by �-step were 25 min
nd 235–245 Å min−1, respectively. The working pressure was
× 10−3 torr and dc power was 40 W (0.12–0.13 A). After mak-
ng LiPON/LLT/LiPON multilayer on the bottom sus electrode,
he top sus electrode was deposited on the LiPON/LLT/LiPON
tructure using the same conditions as those used for the bottom
us electrode.

o
L
d
e

able 1
he experimental conditions used for the deposition of the electrode, electrolyte and

Target size (in.) Sputter method Sputter power

us 2 dc 40 W (0.12–0.13 A)
iPON 2 RF 90 W
LT 4 RF 160, 180 and 200 W
ig. 2. Schematic diagram of the RF and dc sputtering system using sus and
LT targets.

.2. Preparation of interlayer

After the deposition of the bottom sus electrode, the LiPON
hin film was deposited on the bottom sus electrode using a
.0 cm × 1.0 cm square type mask by RF magnetron sputter-
ng for 30, 60, 90, 120 min as shown in Fig. 1(a). The working
ressure and the RF power were 6 × 10−3 torr and 90 W, respec-
ively. The deposition rate measured by �-step was around
15 Å/10 min.

.3. Preparation of LLT electrolyte thin film

A 4 in.-LLT target with composition of Li0.5La0.5TiO3 was
puttered in order to grow the LLT thin film which was deposited
or 10.5 h onto the bottom LiPON layer by using the same
ype mask as shown in Fig. 1(b). The deposition rate mea-
ured by scanning electron microscopy (SEM) was around
5–80 Å/10 min. The working pressure was 5 × 10−3 torr and
he RF powers utilized were 160, 180 and 200 W. When the LLT
lectrolyte layer was deposited onto the bottom sus interlayer,
he sputtering power was chosen at 160 W because the LLT film
ad the highest relative Li content when this sputtering power
as used. This was confirmed by comparing with other LLT film
eposited at different RF sputtering powers. The experimental
onditions are given in Table 1. Since the sputtering system for
his work (as shown in Fig. 2) has both an on-axis gun and an

ff-axis gun, in situ deposition can be adopted to deposit the
LT thin film onto the bottom sus electrode. In addition, after
eposition of the LLT thin film, in situ deposition of the top sus
lectrode can be carried out.

interlayer

Working pressure Chamber condition Deposition time

7 mtorr Ar (50 sccm) 25 min
6 mtorr N2 (42 sccm) 30, 60, 90 and 120 min
5 mtorr Ar (20 sccm) 10.5 h
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.4. Analysis of the properties of blocking electrode
sus-LiPON-LLT-LiPON-sus)

To examine the characteristics of the sus-LiPON-LLT-
iPON-sus structure, a cross-sectional image was taken by SEM
nalysis. The surface roughness of the LLT and the LiPON was
easured by atomic force microscopy (AFM) analysis. The elec-

rochemical stability and properties were carried out by linear
weep voltammetry (LSV) and Impedance (Zahner IM6). For
he impedance measurement, copper wires were connected to
he top and bottom electrodes. LSV was performed in the range
f 0 to 4.5–6 V. Complex plane impedance spectra were obtained
n the frequency range of 1 MHz to 10 mHz and the results are
resented in the Nyquist plots. All measurements were carried
ut at room temperature.

. Results and discussion

.1. Analysis of the composition of LLT

At each sputtering power, the composition of the as-deposited
LT film was analyzed, whose metal groups and oxygen con-

ents were measured by ICP and RBS, respectively, since ICP
annot be used to measure the oxygen content. By comparing
he ICP and the RBS results, the final composition of the as-
eposited film can be determined. Table 2 and Fig. 3 show the
esults. Based on the ICP and RBS data, the relative molar ratios
ccording of the RF sputter were shown in Table 3. As shown in
he results, the highest Li concentration was observed at 160 W.
he Li composition affected the ionic conductivity of the LLT

hin film. The ionic conductivity is proportional to its mobil-
ty, although at high concentrations the mobility in aqueous
lectrolyte is reduced (supported by the equation λi = μi(zi·F)).
owever, the ion transport mechanism is different in the case
f a solid electrolyte system, such as LLT, it has been reported

reviously that increase of Li concentration in the LLT with var-
ous Li contents induces increase of the ionic conductivity [6].
s a result, the sputtering power was chosen at 160 W. In the

bove equation, λi, μi, zi and F refer to the ionic conductivity,

able 2
CP analysis on the surface of the deposited LLT

Compositional analysis (mole%)

Li La Ti

esults
160 W 0.045 0.228 0.466
180 W 0.029 0.151 0.31
200 W 0.019 0.136 0.3

able 3
he molar ratio of each component according to RF sputter power

Li La Ti O

60 W 0.1 0.489 1 4.05
80 W 0.093 0.487 1 3.53
00 W 0.063 0.45 1 3.47

F
(

i
c
t
L
i
s
n
s
i
t
B
e
r
d
b
t

ig. 3. RBS spectrum of LLT film deposited at 160 W (a), 180 W (b) and 200 W
c).

on mobility, the concentration of charge carrier and the Faraday
onstant, respectively. Even though the composition of the LLT
arget was Li0.5La0.5TiO3, the reason that the concentration of
i in the as-deposited LLT film is lower than that of La and Ti

s the sputtering yield for each element is different under the
ame glow-discharge plasma conditions: this is a typical phe-
omenon in the sputtering process. It has been reported that the
puttering yield of Li atom does not reach 10−1 (atoms/ion) until
ncident particle energy reaches to 103 eV [7]. Li and La were
he A-site cations in the LLT perovskite structure (ABO3 type).
ased on the ICP and RBS data, Li and La were not sputtered in
xactly the same quantities (Li0.5La0.5). In addition, the molar

atio of (Li + La)/Ti is less than 1. This result suggests that the as-
eposited LLT film contains excess Ti content. Therefore, it can
e speculated that the excess Ti might form the TiO2 phase, since
he oxygen affinity of Ti is extremely high during the sputtering.
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t is not expected that Li ionic conductivity will be exhibited in
he TiO2 phase, so that the presence of this phase reduces the
otal ionic conductivity of the as-deposited LLT film.

.2. The physical properties of the blocking electrode

The surface roughness of the as-deposited LLT and LiPON
lms measured by AFM is shown in Fig. 4. The scanning area
as 10 �m × 10 �m, as shown in Fig. 4. In addition, the surface

canning by AFM was conducted in 20 different areas to obtain
verage values. The Rms surface roughness of the LLT and the
iPON films were 0.57 and 0.42 nm, respectively. Furthermore,
o defects were observed on the surface. In all solid state micro-

atteries, the surface structural properties are very important:
n this case the surface roughness of the LLT film. After the
eposition of the LLT film, the top LiPON interlayer should be
eposited onto this LLT film as mentioned in the experimental

ig. 4. The surface roughness measured by AFM after LLT (a) and LiPON (b)
eposition.
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ection. If the LLT film has defects or a high surface roughness,
hese can affect the growth characteristics of the top LiPON
lm. For example, large scale defects such as the groves and/or
ores on the LLT film surface can be seen on the top LiPON
lm surface, which means formation of defects in an electrode
lm deposited onto top LiPON interlayer. That is, the defects
nd/or high surface roughness of the LLT film might result in
he same kinds of defects being formed on the electrode as those
resent on the top LiPON film. These defects can act as an elec-
ronic current path or leakage source. Therefore, it is critical
or the as-deposited LLT film to be defect free and have a low
urface roughness surface, in order to prevent the possibility of
hort circuit occurrence in all solid state microbatteries. Fig. 5
hows a cross-sectional view of the blocking electrode struc-
ure (sus-LLT-sus, sus-LiPON-LLT-LiPON-sus). These images
how that the thicknesses of sus, LiPON and LLT layers were
000 Å, 2500 Å and 0.5 �m, respectively. The LiPON film thick-
ess was able to be controlled by adjusting the sputtering time.
his indicates that there was not any interface diffusion at inter-

ace between the electrode and electrolyte film, as shown in
ig. 5(b) and the SEM image of sus-LLT-sus structure allowed

s to confirm its columnar structure. The grain boundary formed
y the contact with these columnar grains has a high possibility
or an electron transport or short circuiting. We concluded that

ig. 5. Cross-sectional SEM image of the LLT film in the sus-LiPON (60 min)-
LT-LiPON-sus structure (a) and sus-LLT-sus (b). The other LiPON films
eposited for different times have a similar morphology (red line in (b) indi-
ated the interface area). (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of the article.)
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he columnar structure of the growth in the LLT thin film is one
f the reasons for the observed short-circuit phenomenon in the
us-LLT-sus structure.

.3. The electrochemical stability and properties of the
locking electrode

The electrochemical stability of sus-LLT-sus (single LLT)
nd sus-LiPON-LLT-LiPON-sus (LLT with LiPON) was deter-
ined by LSV. Fig. 6 shows its stability behavior based on
comparison with the single LLT and the LLT with LiPON

especially, LiPON deposited for 30, 60, 90 and 120 min). As
hown in Fig. 6, the single LLT and the LLT with the LiPON
eposited for 30 min were very unstable and happened a short-
ircuit in the reason shown in Fig. 5(b). However, the LLTs with
iPON with deposition times of above 30 min were very sta-
le and subject to decomposition phenomenon at around 5.5 V.
he current hardly ran between 0 and 5.5 V flowing less than
�A. This means that the microbattery with the LiPON-LLT-

iPON (LiPON deposited above 30 min) solid electrolyte film
ay show the low self-discharge during the period when it

s not operating. Fig. 7(a) shows the impedance spectra mea-
ured after the fabrication of the blocking electrode. In the

s
e
s
r

ig. 6. The electrochemical window determined by LSV at each condition. (a) sus-LL
iPON-sus, sus-LiPON (90 min)-LLT-LiPON-sus and sus-LiPON (120 min)-LLT-LiP
ources 163 (2006) 173–179 177

ingle LLT, the semi-circle was expressed in the Nyquist plot
f blocking electrode. However, this is not indicative of ionic
onductivity but electronic conductivity, which means that the
ingle LLT could not directly apply to thin film solid elec-
rolyte for microbatteries. In the case of the LLT with LiPON
s shown in Fig. 7(b), two or three semi-circles are observed,
ne for each layer (LiPON, LLT and their interfaces), but we
ould not understand why the tail did not appear in the low
requency range. Consequently, the equivalent circuit was able
o be expressed without the Warburg diffusion component. By
gnoring this behavior, we were able to calculate the ionic con-
uctivities of the LLT with LiPON with various thicknesses
ecause total resistance of electrolyte was measured by adding
he each semi-circle real part value. Inaguma et al. reported
hat when the impedance was measured, two semi-circles can
e divided into two different contributions, namely the bulk
art and the grain boundary. However, in this work, we could
gnore grain boundary contribution because the as-deposited
LT film had an amorphous structure, as confirmed by XRD. As

hown in Fig. 8, there was not observed any LLT crystallinity
xcept sus and Si (silicon wafer substrate). Table 4 and Fig. 9
how the ionic conductivity according to the LiPON thickness
atio. The ionic conductivity was calculated by means of the

T-sus, (b) sus-LiPON (30 min)-LLT-LiPON-sus, (c) sus-LiPON (60 min)-LLT-
ON-sus.
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Fig. 7. Complex plane impedance spectra of blocking electrode (each condi-
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Table 4
The resistance and ionic conductivity at the interlayer, LiPON, deposited for 60,
90 and 120 min

LiPON
(min)

Resistance
(�)

Thickness
(LiPON + LLT)

Ionic conductivity
(×10−7 S cm−1)

60 400 1.0 �m (0.5 + 0.5) 2.50
90 545 1.1 �m (0.6 + 0.5) 2.00

120 930 1.2 �m (0.7 + 0.5) 1.29

The values for the LiPON deposited for 30 min are not given due to the occur-
rence of a short-circuit.

Fig. 9. The ionic conductivity diagram with various LiPON deposition times
(
o

U
i
b

ion). (a) sus-LLT-sus (LLT deposited at 160 W, this circle implies electronic
onductivity) (b) sus-LiPON-LLT-LiPON-sus (LiPON deposited for more than
0 min, absence of a tail indicates that the LLT is a lithium ion conductor [6]).

ollowing equation:
= d

R × A
[S cm−1]

is the electrolyte thickness (LLT with LiPON), R the electrolyte
esistance and A is the electrode area.

ig. 8. XRD measurement of the sus-LLT deposited on the Si wafer without
eat treatment.
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the 30 min deposition for LiPON is not marked, due to the impossibility to
btain the measurement, ionic conductivity on the scale of 10−7 S cm−1).

As shown in Table 3, we did not get a good ionic conductivity.
nlike in previous report (related to LLT powder, bulk state),

n which the LLT thin film was deposited as a solid electrolyte
y sputtering, it failed to reach 10−3 order S cm−1. Addition-
lly, compared with the ionic conductivity of LiPON, which
eported 2–3 × 10−6 S cm−1 recently, LiPON-LLT-LiPON thin
lm had a poor ionic conductivity. As indicated above, this is
artially attributed to the formation of TiO2 phase during sputter-
ng. Therefore, in order to deposit stoichiometric LLT film with
molar ratio (Li + La)/Ti of ∼1, a much high concentration of Li

n LLT film should be deposited by using high Li concentrated
puttering target, which prevents formation of TiO2 phase in the
LT film.

. Conclusion

The LLT thin film did not have a reasonable ionic conductiv-
ty and induces a short-circuit during deposition in the thin film
tate. The single LLT solid electrolyte thin film cannot be used
or all types of solid state microbatteries, because the LLT suffers
rom a short-circuit problem, which can be solved by introduc-

ng an intermediate layer, such as one composed of LiPON film.
n interlayer of LiPON was successfully introduced, in order to
revent the short-circuit problem when it was deposited at both
ides of the LLT thin film. When the interlayer was used, the LLT
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ith LiPON film was very stable in the operating potential range
etween 0 and 5.5 V. As the LiPON with various thicknesses
as deposited at both sides of the LLT film, the ionic conduc-

ivity was different at each condition. The deposition time of
bove 30 min, the LLT with LiPON can be utilized as an solid
lectrolyte, because the structure is not susceptible to the short-
ircuit problem. The ionic conductivities at 60, 90 and 120 min
eposition of Lipon were 2.50, 2.00 and 1.29 × 10−7 S cm−1,
espectively.

To improve the ionic conductivity of LLT thin film, we’ll try
o increase the Li concentration, for example, to use LLT target
ith excess Li concentration.
The most important thing, in terms with LLT and LiPON

hin film structure, is that LLT thin film with LiPON protec-
ive layers, helping to increase of LLT solid electrolyte stability,
as tried firstly at room temperature compared to other group

nvestigations [8,9] that were based on a powder state and a high

emperature heat treatment.

Consequently, these results indicated that the LLT with
iPON structure can be applied as a thin film solid electrolyte

or all-solid state microbattery.
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