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a b s t r a c t

Novel Li–Ti–Si–P–O–N thin-film electrolyte was successfully fabricated by RF magnetron sputtering from
a Li–Ti–Si–P–O target in N2 atmosphere at various temperatures. XRD, SEM, EDX, XPS, and EIS were
employed to characterize their structure, morphology, composition and electrochemical performances.
The films were smooth, dense, uniform, without cracks or voids, and possessed an amorphous struc-
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ture. Their room temperature lithium-ion conductivities were measured to be from 3.6 × 10−7 S cm−1 to
9.2 × 10−6 S cm−1, and the temperature dependence of the ionic conductivities fits the Arrhenius rela-
tion. This kind of electrolyte possessed good properties is a promising candidate material for solid-state
thin-film lithium batteries.

© 2008 Elsevier B.V. All rights reserved.
onductivity
agnetron sputtering

. Introduction

With the development of the micro-electronic industry, the
icro-power sources are more and more strongly demanded [1–4].

hin-film lithium batteries are the most powerful candidate due
o its excellent advantages, i.e., high specific energy, long cycle life,
ood safe performance and environmental friendliness [5,6]. One of
he key materials for this device is a lithium-ion conductor, which
cts as a solid electrolyte [7]. Recently, although lithium phospho-
ous oxynitride (LiPON) is widely used as a solid electrolyte for
hin-film lithium batteries [8–12], researchers have continued their
esearch into new thin-film electrolytes due to their high ionic con-
uctivities [13–18]. The NASICON-structured material LiTi2(PO4)3
xhibits high ionic conductivity of about 10−6 S cm−1 at 25 ◦C, which
an be further improved by Si4+ ion substitution for P5+ correspond-
ng with the increasing Li+ ion concentration [19]. The prospects
f using this kind of electrolyte with high ionic conductivity in
hin-film lithium battery systems are very attractive.
Generally, solid thin-film electrolytes have mainly been pre-
ared through vacuum evaporation [11], RF sputtering [8,9,17,18],
ulsed laser deposition [10,15,16], etc. The RF sputtering deposi-
ion method has developed rapidly over the last decades to the
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point where it has become established as the process of choice for
the deposition of a wide range of industrially important coatings.
In many cases, magnetron sputtered films now outperform films
deposited by other physical vapor deposition (PVD) processes, and
can over the same functionality as much thicker films produced by
other surface coating techniques [20].

In this work, the nitrided Si-substituted LiTi2(PO4)3 is prepared
into thin-film by sputtering method, and its performances as elec-
trolyte have been investigated.

2. Experimental

2.1. Preparation of target

The Li–Ti–Si–P–O target was prepared with a conventional cold
press method. A mixture consisting of reagent grade Li2CO3, SiO2,
TiO2, and NH4H2PO4 (1.3:0.6:4:5.4 in mole%, with an 50% excess of
Li2CO3 to compensate for the Li loss in heating and sputtering) was
heated up to 700 ◦C and kept for 2 h. Then it was ball-milled and
pressed into a 60-mm-diameter target and sintered at 900 ◦C for
5 h.

2.2. Preparation of thin films
The Li–Ti–Si–P–O–N thin films were deposited by RF magnetron
sputtering from the Li–Ti–Si–P–O target in pure N2 atmosphere. The
base pressure was 1 × 10−5 Pa, which can guarantee the cleanness
of the sputtering chamber. The working pressure was 1.0 Pa and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenrj@bit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.12.042
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see that the ionic conductivity increases with measured tempera-
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he RF power was 120 W. The deposition temperatures were room
emperature, 200 ◦C, 300 ◦C, 400 ◦C and 500 ◦C, respectively. For the

easurement of electrochemical properties, a sandwich structure
onsisting of a layer of stainless steel (SS), a layer of thin-film elec-
rolyte, another layer of stainless steel deposited successively was
ormed in a Si-wafer substrate. And the thin-film electrolytes were
lso fabricated in Si-wafer and stainless steel sheet substrate to
erform the SEM observation, EDX analysis, XPS and XRD measure-
ent, respectively.
As comparisons, non-nitrided Li–Ti–Si–P–O thin-film elec-

rolytes were also fabricated in Ar atmosphere with the same other
onditions.

.3. Characterization of properties

XRD analysis (Rigaku Dmax-2400, CuKa radiation) was
mployed to determine the structure of the target and thin-film.
he surface and cross-section micro-morphology of the thin-film
lectrolyte was observed using JSM-35C SEM photographer, in
hich the EDX analysis was also carried on. The XPS investigations
ere carried out (MK II, VG) using monochromatic AlK� radiation

hv = 1486.6 eV). Electrochemical tests were performed using the
andwiched structure of SS/thin-film electrolyte/SS in CHI 660a.
he electrochemical impedance spectroscopy was carried out in the
requency region of 1 Hz to 100 kHz, and simulated and analyzed by
he software ZsimpWin.

. Results and discussion

.1. Analysis of impedance properties

The impedance spectra of non-nitrided Li–Ti–Si–P–O thin-film
lectrolyte prepared in Ar atmosphere is quite different from that of
he nitrided thin-film electrolyte prepared in pure N2, as shown in
ig. 1. There is an imperfect semicircle without a tail in the Nyquist
lot of the non-nitrided film (Fig. 1(a)), and further measurements
eviewed that the diameter of the semi-circle increases with tem-
erature, which indicate that the conductivity of the non-nitrided

hin-film electrolyte is not ionic conductivity but electronic conduc-
ivity. So the non-nitrided thin film can hardly be used as electrolyte
or the thin-film lithium batteries. While the impedance spectrum
f the nitride film electrolyte (Fig. 1(b)), consisting of a high fre-

ig. 1. Electrochemical impedance spectroscopy of the Li–Ti–Si–P–O (a) and
i–Ti–Si–P–O–N (b) thin films at room temperature.
urces 189 (2009) 467–470

quency depressed semi-circle caused by bulk Li–Ti–Si–P–O–N film
and a low frequency sloping line ascribed to the interfaces between
film and adjacent SS electrodes, is characteristic of a thin-film
conducting dielectric with bulk relaxation processes which sand-
wiched between blocking contacts. The equivalent circuit using the
Cole–Cole Model [21] can be seen in the inset of Fig. 1, where Zb
(Constant Phase Element, CPE) represents the impedance of the
blocked electrodes of SS, and Zel (CPE) parallel with Rel represents
the bulk electrolyte. This circuit can well accord with the impedance
of the sandwich structure.

The reason why electrochemical properties of nitrided films are
different from non-nitrided ones may be the followings: (i) substi-
tution of the P–O bond with more covalent P–N bond decreases the
electrostatic energy, which is helpful to the Li+ conducting; (ii) the
nitrogen atoms stabilize the mixed P(O,N)4 tetrahedra through the
delocalization of the �-bond [22]; (iii) Li+ concentration increases
after O2− substitute by N3−, which can be confirmed by the result
of XPS (The composition of film before and after nitridation was
Li0.55Ti2Si0.31P3.8O14.2 and Li0.89Ti2Si0.32P3.8O10.9N2.52 separately.);
(iv) substitution of –O– and O with >N– and N– (as shown
in Fig. 7) forms more cross-linked structures in the process of
nitridation, which may improve the performance of lithium-ion
conduction. From this result, we can inferred that the nitridation of
the thin-film improves the electrochemical stability, and the con-
ductivity changes from electronic to ionic, so that it has prospect to
be used as electrolyte for the thin-film lithium batteries.

The ionic conductivity � of Li–Ti–Si–P–O–N films can be
obtained by following equation:

� = d

RA
(1)

where d is the film thickness, A the area of the SS contact, and R
the film resistance, which can be estimated from the measured
impedance by selecting the value of Z′ when –Z′ ′ goes through a local
minimum in the electrochemical impedance spectra [23]. Electro-
chemical impedance spectra of the Li–Si–Ti–P–O–N film measured
at different temperatures are shown in Fig. 2, from which we can
tures.
The temperature dependence of conductivities of the thin-film

electrolytes is shown in Fig. 3. The conductivity � of the thin-film

Fig. 2. Electrochemical impedance spectroscopy of the Li–Ti–Si–P–O–N thin-film
measured in varies temperatures.
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Table 1
The lithium-ion conductivities and active energies of film samples deposited in various temperatures.

Film samples Deposition temperature (◦C) Ionic conductivity, � (10−6 S cm−1) Active energy, E (eV)

25 ◦C 100 ◦C 200 ◦C

A 89 0.36 4.6 45 0.37
B 200 2.3
C 300 4.3
D 400 8.4
E 500 9.2
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ig. 3. Arrhenius plot of ionic conductivity of the Li–Ti–Si–P–O–N thin-film samples
eposited in various temperatures.

lectrolytes follow the Arrhenius equation:

= Ae[−E� /KBT] (2)
here A is the pre-exponential factor, E� the activation energy
f conduction, KB the Boltzmann constant and T the absolute
emperature. This proved that the thin-film electrolytes are good
ithium-ion conductors. The ionic conductivities and conducting
ctive energies of films deposited at different temperatures are

Fig. 4. SEM images of surface (a), cross-section (b) and RBS image of cro
27 180 0.33
53 270 0.32
70 410 0.29
75 420 0.29

shown in Table 1, in which we can see that the conductivity of the
films increased with the increasing deposition temperatures but
increased slower when the deposition temperature up to 500 ◦C.
The room-temperature conductivity can reach 9.2 × 10−6 S cm−1,
and the corresponding activation energy of conduction E� is about
0.29 eV. This conductivity is larger than that of the well-known
LiPON [8], but is much smaller than that of the bulk glass-ceramics
[24]. The glass structure may be the main cause of why the con-
ductivity was less than expected. So, further research maybe focus
on annealing after deposition of the film to increase its ionic con-
ductivity. However, this kind of amorphous electrolyte is still a
competitive candidate to be used in thin-film lithium batteries.

3.2. Morphology and structure of the thin films

Fig. 4 shows the surface and cross-sectional view of the
Li–Ti–Si–P–O–N thin-film prepared on Si-wafer substrate in 400 ◦C.
As shown in Fig. 4(a), the surface of the film is smooth, dense,
uniform, and without cracks or pinholes, which is very important
for the thin-film electrolytes to avoid shortcut and safety prob-
lems. The thickness of the film measured from the cross-sectional
SEM image of the film (Fig. 4(b)) was about 2.6 �m, which can be
controlled by adjusting the sputtering time. From the Rutherford

back-scattering spectroscopy (Fig. 4(c)) of the same film, we can
see clearly the composition difference between layers. The com-
position of the thin-film estimated by the EDX spectroscopy as
shown in Fig. 5 is approximately LixTi2Si0.32P3.6O7.16N2.52, which
was generally accord with the result of XPS. The EDX Spectroscopy

ss-section (c) of the Li–Si–Ti–P–O–N thin-film prepared in 400 ◦C.
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Fig. 5. EDX spectroscopy of the Li–Si–Ti–P–O–N thin films.

Fig. 6. XRD patterns of the Li–Si–Ti–P–O target (a) and the Li–Si–Ti–P–O–N thin-film
deposited in 400 ◦C (b).
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ig. 7. XPS of the N 1 s region of the Li–Si–Ti–P–O–N thin-film deposited in 400 ◦C.

as measured in the structure of thin-film electrolyte deposited
n stainless steel substrate. The unmarked peaks in the EDX spec-
roscopy can clearly be attributed to the stainless steel substrate
onsisting of Fe, Co, Ni and C.

Fig. 6(a) is the XRD pattern of the Li–Ti–Si–P–O target, which
learly shows the diffraction peaks due to the lithium-analogue of

ASICON, i.e., LiTi2(PO4)3, without any other impure phase. How-
ver, the XRD pattern for the thin-film electrolyte is devoid of any
harp peaks except that of the stainless steel substrate (i.e., 44◦

f SS(1 1 1), 51◦ of SS(1 0 0), 75◦ of SS(2 2 0)), from which we can
emonstrate that the thin film has an amorphous structure.

[
[
[
[
[

urces 189 (2009) 467–470

From the N 1 s XPS spectrum (as shown in Fig. 7), the region
of nitrogen contains two peaks originating from nitrogen having
different chemical environments. The peak with lower bind-
ing energy (397.0 eV) comes from double-coordinated nitrogen
–N (Nd) bonded with P and Li+ or Ti4+. The triple-coordinated
nitrogen from –N<(Nt) bonded with P or Si has higher binding
energy (398.5 eV). More nitrogen, about 60%, is present in the form
of Nt (Fig. 7). This result proved the incorporation of N into the thin
film and formation of more cross-linked structure which may be
beneficial for lithiumion conduction.

4. Conclusion

A kind of Li–Ti–Si–P–O–N thin-film electrolytes was fabricated
by RF magnetron sputtering from a Li–Ti–Si–P–O target in pure N2
atmosphere, which was not reported in literature. The films were
smooth, dense, uniform, without cracks or pinholes, and possessed
an amorphous structure. The room temperature ionic conductivi-
ties of the films increase with the deposition temperatures, which
can reach about 9.2 × 10−6 S cm−1 and agree well with the Arrhe-
nius equation. This kind of electrolytes exhibited good properties
are promising candidate materials not only for solid-state thin-film
lithium batteries, but also for thin-film electrochemical capacitors,
micro-sensors, electrochromic devices and so on. Further works on
improving the ionic conductivity by increasing the Li concentration
in the thin film or changing configuration are in progress.
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